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Elevated atmospheric CO2 alters C3 plant chemical defense for reasons that remain 
unclear. To explain the influence of elevated CO2 on plant chemical defense, this dissertation 
proposes, then tests, the hypotheses that: 1. C3 plant chloroplasts exert control over chemical 
defense against biotic agents, and 2. the mechanism of this control is sensitive to atmospheric 
concentrations of CO2. 
Chapter 1 reviews available research concerning the influence of elevated CO2 on C3 
plant chemical defense against biotic agents, herbivorous insects in particular. The argument that 
emerges from this review is that photosynthesis is the most likely operating cause behind the 
observed alteration of defense in C3 plants growing under elevated CO2. The proposed 
mechanism holds that elevated CO2 relaxes the induction of non-photochemical quenching 
during exposure to excess light, causing more excess excitation energy to enter the 
photosynthetic electron transport chain than under ambient CO2. In principle, this excess of 
energy would have nowhere to go except directly to the reduction of oxygen, to form oxygen 
radicals. The innate immune system of plants in response to both pathogens and herbivorous 
insects responds to changes in internal redox environment. Thus, if photosynthesis generates 
increased amounts of reactive oxygen with rising CO2, one might expect the downstream 
expression of chemical defense to differ as well.    
Chapter 2 tests the proximate mechanism of chloroplast retrograde signaling proposed in 
the previous chapter. The hypothesis -that elevated CO2 influences plant chemical defense by 
altering retrograde signals emerging from C3 plant chloroplasts- necessarily depends on some 
measurable change in the output of reactive oxygen under variable CO2. To model this effect, the 
metabolic pathway responsible for generating hydrogen peroxide in plant chloroplasts was 
iii 
 
incorporated into the e-Photosynthesis in silico model of photosynthesis. At the same time, 
soybean grown at the soyFACE (Free Air CO2 Enrichment) field site were tested for their 
response to sudden transitions from dark-to-bright light under ambient and elevated CO2. Both 
in-silico modeling and field experiments are consistent with the initial hypothesis. Elevated CO2 
relaxes induction of non-photochemical quenching in response to bright light, thus increasing the 
amount of excess excitation energy entering the photosynthetic electron transport chain.  
Chapter 3 tests the ultimate effects of variable CO2 and light environment on C3 plant 
chemical defense against herbivorous insects. According to the photosynthetic mechanism 
described in the preceding two chapters, the combination of elevated CO2 and fluctuating 
conditions of light should increase output of reactive oxygen from photosynthesis. What follows 
is that plants grown under combination of elevated CO2 and fluctuating light should be 
vulnerable to herbivory from insects relative to the combination of ambient CO2 and steady light 
environment. To test this hypothesis, Arabidopsis thaliana was cultivated in controlled 
environment growth chambers in 2x2 factorial experiments, varying between ambient and 
elevated CO2 levels, continuous and dynamic light. Following a period of growth, individual 
plants were paired with larval cabbage looper, Trichoplusia ni. The pattern of induction of 
defense hormones salicylic and jasmonic acid was consistent with experimental predictions, in 
that growth under variable CO2 and variable light yielded patterns unique to each environment. 
In particular, herbivory under elevated CO2 induced biosynthesis of salicylic acid except under 
dynamic light. At the same time, dynamic light significantly suppressed foliar content of total 
glucosinolates, the major chemical defense of A. thaliana against insect herbivores. Ultimately, 
consistent with experimental predictions, caterpillars removed more leaf tissue from A. thaliana 
grown under elevated CO2 and dynamic light. Although the pattern of results suggest that 
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chloroplast retrograde signaling is not the only factor influencing insect herbivory in variable 
environments, the broad outcome of the experiment provides empirical support for a controlling 
role of photosynthesis in C3 plant chemical defense.             
Chapter 4 considers the influence of starch metabolism on insect herbivory and how it 
might be untangled from the effects of secondary metabolism. If starch content, or the ratio of 
carbon to nitrogen present in foliar tissue, were the only nutritional factor governing insect 
herbivory on plants, then the effects of elevated CO2 could be simulated through genetic 
manipulation of plant starch metabolism. In previous work by Tang (2007), consumption of A. 
thaliana foliar tissue by Trichoplusia ni corresponded to foliar starch content. However, it was 
apparent that A. thaliana chemical defense, in terms of glucosinolate profiles, confounded the 
effectiveness of the system as a physiological model for the effects of elevated CO2 on insect 
herbivory. To control for the confounding influence of secondary metabolism on efforts to 
predict insect herbivory from starch content, portions of Tang’s research were repeated with a 
specialist herbivore, the imported European cabbageworm Pieris rapae. When P. rapae fed on 
mutants of A. thaliana with altered starch metabolism, P. rapae caterpillars differentiated 
between genotypes that accumulate starch versus genotypes that under-accumulate starch. 
Together with the work of Tang (2007), the results suggest that manipulation of starch content 
can effectively mimic the influence of elevated CO2 on insect herbivory, provided the 
simultaneous influence of plant chemical defense is controlled.     
In conclusion, the development of a hypothesis for photosynthetic control over chemical 
defense, together with tests of proximate mechanism and ultimate effects, amounts to a theory of 
chloroplast retrograde signaling to C3 plant chemical defense under elevated CO2. The signal 
transduction pathways connecting photosynthesis with defense are best understood as a complex 
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network; untangling this network will require more sophisticated experimental approaches and 
computational techniques than this dissertation research could provide. Instead, this dissertation 
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LINKING PRIMARY AND SECONDARY METABOLISM: A MECHANISTIC 
HYPOTHESIS FOR HOW ELEVATED CO2 MODULATES DEFENSES1 
 
INTRODUCTION 
Rising atmospheric CO2 affects insect herbivory by altering both the primary and 
secondary metabolism of plants (Zavala et al., 2013). In terms of primary metabolism, the 
portion of plant physiology immediately concerned with growth, elevated CO2 increases the rate 
of photosynthesis and thus the accumulation of starch in leaves. The consequences of this effect 
on insect feeding behavior are two-fold. With a more concentrated supply of carbohydrates, 
insect herbivores are provided with chemical energy to increase their rates of feeding (Lincoln et 
al., 1986, for review see Zavala et al., 2013). At the same time, increased starch content dilutes 
foliar nitrogen and thus obliges insect herbivores to compensate for? their nitrogen requirements 
by ingesting more leaf tissue (Lincoln et al., 1986, for review see Zavala et al., 2013). 
Meanwhile, the effects of elevated CO2 on plant secondary metabolism- the portion of plant 
physiology responsible for mediating ecological interactions through chemical defense- are 
comparatively resistant to generalization. The source of uncertainty in understanding how 
elevated CO2 influences insect feeding behavior rests in the regulatory connection between 
primary and secondary metabolism.   
                                                 
1 This chapter is in press for an edited volume: 
 
Gog, L., Zavala, J.A. and E.H. DeLucia. 2017. Linking primary and secondary metabolism; a mechanistic 
hypothesis for how elevated CO2 modulates defenses. In The Biology of Plant-Insect Interactions: A 




Soybean (Glycine max) grown under elevated CO2 at the soyFACE field experiment 
exhibits a pattern of altered responses to common insect crop pests that has no apparent 
physiological connection to altered carbohydrate metabolism. Leaf herbivory was considerably 
greater on soybean grown under elevated than ambient CO2, and increased damage was 
associated with lager populations of Japanese beetles (Popillia japonica) and soybean aphid 
(Aphis glycines) (Hamilton et al. 2005, Dermody et al., 2008). Increased susceptibility of 
soybean under elevated CO2 was not strictly related to increased leaf carbohydrates (O’Neill et 
al. 2008), but was instead caused primarily by a reduction in chemical defenses. Zavala et al. 
(2008) report that induction of cysteine protease inhibitors (CysPIs) is significantly slower in 
soybean grown under elevated CO2 relative to control. These CysPIs render soybean tissue 
indigestible to insect herbivores by blocking proteases found in insect guts; they are especially 
important against coleopteran pests, whose digestive capacity is otherwise robust. Japanese 
beetles are common to soybean fields in the American Midwest (Zavala et al., 2009), as are 
adults of western corn rootworm, Diabrotica virgifera, of which a rotation-resistant strain is an 
increasing cause for concern (Levine et al., 2002). Beyond altered production of CysPIs, O’Neill 
et al. (2010) report that foliar concentration of the flavonoid quercetin is higher under elevated 
CO2 relative to control. Insects feeding on high-CO2 soybean may derive a benefit from 
consuming this antioxidant, further stimulating herbivore damage. Similar studies by Guo et al. 
(2012) and Zhang et al. (2015) on tomato, Matros et al. (2006) on tobacco, and Mhamdi and 
Noctor (2016) on Arabidopsis, suggest a tradeoff in plant resistance to pathogens and 
herbivorous insects, whereby plants become more tolerant to pathogens but also more vulnerable 
to herbivores with chewing mouthparts.    
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Growth under elevated CO2 alters the foliar profiles of secondary metabolites relative to 
growth under ambient CO2 (Lindroth, 2012). Discerning generalizations about the direction of 
response and classes of compounds affecting such empirical observations, however, is difficult 
because the chemical defenses produced by plants are idiosyncratic, varying widely from species 
to species (Berenbaum, 1995). Moreover, many such defenses become apparent only upon 
induction by an insect herbivore; while constitutive expression of secondary metabolites varies 
by species and CO2 environment, the element of defense-on-demand, or dynamic induction, adds 
another dimension of complexity (Meldau et al., 2012). Rather than investigating patterns among 
chemical phenotypes, a more practical approach to understanding how elevated CO2 modulates 
defense may be to consider the physiological mechanisms that underlie plant perception and 
response to stress. Because the signaling pathways responding to herbivory are more similar 
among plants than the wide array of chemical defenses produced, this strategy, implicit in many 
recent reviews on plant secondary metabolism (e.g. Meldau et al., 2012, Zavala et al., 2013, 
Schuman and Baldwin, 2016), may more readily reveal generalizable responses and underlying 
mechanisms.  
Some generalities in the induction of defense become apparent at the level of plant 
hormones, although these systems remain quite complex. While plants produce a vast array of 
secondary metabolites, the induction of chemical defense rests primarily on the activity of two 
major and highly conserved defense hormones, jasmonic acid and salicylic acid (Thaler et al., 
2012). Jasmonic acid and salicylic acid interact with one another as well as with the gamut of 
other major plant hormones, in particular gibberellic acid (GA), cytokinins, abscisic acid (ABA), 
and ethylene (Erb et al., 2012). Moreover, both jasmonic acid and salicylic acid serve functions 
beyond defense; jasmonic acid is integrated with plant growth while salicylic acid is a 
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determining factor in flowering time (Wasternack and Hause, 2013; Vicente and Plascenia, 
2011). Recently, Zhang et al. (2015) suggest that cross-talk between defense hormones accounts 
for observed differences in plant resistance to pathogens and insect herbivores under variable 
CO2. Thus, though complex, the existence of a regulatory link between the growth and defensive 
roles of primary and secondary metabolism can be discerned in the concerted activity of plant 
hormones.   
Increasing CO2 concentrations affect both the growth and defense habits of C3 plants, but 
the regulatory connection between the two roles is not well understood (Zavala et al., 2013). 
Plants grown under elevated CO2 exhibit increased foliar concentrations of salicylic acid (Casteel 
et al., 2012; Zhang et al. 2015; Mhamdi and Noctor, 2016). This is thought to suppress the 
activity jasmonic acid and the expression of its associated chemical defenses (Casteel et al., 
2012; Zhang et al., 2015). In turn, the induction of salicylic acid is known to rest on the redox 
environment within plant cells (Leon et al., 1995; Mateo et al., 2006). After perception of attack 
from a biotic agent, the stimulus for a defense response typically begins with a burst of reactive 
oxygen species (ROS) (Lamb and Dixon, 1997). Such ‘pulses’ of ROS in plant cells can trigger 
phosphorylation cascades conducted by mitogen activated protein kinases (MAPKs) (Jonak et 
al., 2002; Apel and Hirt, 2004). While the role of CO2 in affecting either the activity of ROS or 
MAPKs is not well resolved, both photosynthesis and photorespiration are two major sources of 
CO2-dependent ROS production in plant cells, and numerous reviews suggest links between 
ROS production in plant cells and hormonal regulation (e.g. Kerchev et al., 2012; Foyer and 
Noctor, 2009). That exposure to elevated CO2 affects photosynthesis and photorespiration and 
consequently ROS produced by these pathways, and that ROS affects defense-related hormonal 
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signaling provides a hypothetical link to explain the co-regulation of primary and secondary 
metabolism.         
Although how elevated CO2 modulates the defense hormone salicylic acid is unknown, 
decades of research in photosynthesis, signal transduction and physiological ecology have 
produced a body of literature that imply a connection. The first objective of this chapter is to 
review the literature that implicates a causal relationship between atmospheric chemistry and 
plant defense habit. Such a review necessitates emphasis on identifying hypothetical connections 
that are plausible and informative, but experimentally undefined (Fig. 3.1). Based on a synthesis 
of available literature, we present the novel hypothesis that: 1) Elevated CO2 in combination with 
variable light causes transient excess energy in electron transport to drive increased production 
of hydrogen peroxide; and, 2) this production of hydrogen peroxide acts as a molecular signal 
that is transduced through MAPKs to stimulate biosynthesis of salicylic acid. A challenge to 
testing this hypothesis is that it depends on difficult and highly uncertain measurements of excess 
energy flow in the light reactions of photosynthesis and intra-cellular concentrations of hydrogen 
peroxide. Recognizing this methodological challenge, a second objective of this chapter is to 
propose experimentally falsifiable hypotheses, designed to link previously existing knowledge 
on plant primary and secondary metabolism. Although this chapter is not intended as a review of 
experimental methods and protocols, some discussion and explanation of laboratory methods is 
necessary to describe feasible experimental approaches to testing the hypothesis. 
 




The enzyme responsible for assimilating both CO2 and O2 into plant metabolism, 
Ribulose-1,5-bisphosphate-Carboxylase/Oxygenase (RuBisCO) is thought to be the most 
abundant protein on Earth (Ellis, 1979; Raven, 2013). As the predominant entry point for carbon 
into the biosphere, the active site of RuBisCo represents a transition between atmospheric 
chemistry and the Earth’s ecosystem. In C3 plants, the oxygenation reaction of RuBisCO 
competes with its crucial carboxylation reaction (Laing, 1974). The carboxylation and 
oxygenation pathways differ in the immediate metabolic fate of their reactants; one product of 
fixation enters the Calvin-Benson-Basham (CBB) Cycle and the other enters photorespiration, 
respectively (Weissbach, 1956; Ogren and Bowes, 1971). While the Calvin Cycle takes place 
exclusively within the chloroplast, metabolites in the photorespiratory pathway progress through 
several organelles; from chloroplast to peroxisome, then mitochondria and finally returning to 
the chloroplast (Fig. 1.2). 
 The absence of photorespiration as a ‘sink’ for energy acquired from light could 
indirectly favor the reduction of oxygen in the chloroplast.  The metabolic pathways that 
incorporate atmospheric CO2 and O2 into plant metabolism differ in their energetic requirements 
(Farquhar et al., 1980). Per molecule of CO2  or O2, respectively, removed from the atmosphere, 
the Calvin Cycle consumes slightly less ATP and slightly more NADPH relative to 
photorespiration. Under non-photorespiratory conditions, the ratio of ATP to NADPH 
consumption by photosynthesis is approximately 21:14, which increases to approximately 21:13 
under photorespiratory conditions (Foyer et al. 2012), a small but potentially important change. 
This difference in stoichiometry means that, as an increase in the supply of CO2 progressively 
stimulates carboxylation and reduces O2 consumption by photorespiration, the overall ratio of 
ATP to NADPH required for both processes declines. Because ATP production, non-
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photochemical quenching (NPQ), and cyclic electron flow all form a regulatory circuit with one 
another (Fig. 1.3A & 1.3B; Foyer et al., 2012; Niyogi, 1999; Kanazawa and Kramer, 2002), one 
possible consequence of this change in stoichiometry is the exhaust of electrons onto oxygen to 
form superoxide in the chloroplast stroma (Asada, 1999)  
To adjust for changes in ATP demand, chloroplasts modulate cyclic electron flow by 
routing electrons from photosystem I (PSI) through the cytochrome b6f complex (Munekage et 
al., 2004; Miyake et al., 2005; Walker et al., 2014). Electron flow through the cytochrome b6f 
complex pumps hydrogen ions into the thylakoid lumen, thus generating the proton motive force 
(pmf) to drive ATP synthase. Although Miyake et al. (2005) and Walker et al. (2013) report that 
cyclic electron flow increases as pressure of CO2 declines, to our knowledge no study has 
specifically addressed the question of how increasing CO2 affects cyclic electron flow (but see 
Kanazawa and Kramer, 2002). One might suppose that as atmospheric CO2 increases, the 
metabolic demand for ATP declines, reducing cyclic electron flow, with the effect that the lumen 
does not acidify as quickly as it would under conditions of low CO2. 
By lowering pmf, elevated CO2 relaxes non-photochemical quenching (NPQ) of excess 
excitation energy in the photosynthetic electron transport chain (PETC) (Miyake et al., 2005; 
Kanazawa and Kramer, 2002). When plants are exposed to high light, or sudden changes in light 
intensity, the increased flow of electrons through the PETC rapidly acidifies the lumen beyond 
the proton motive force required for ATP synthesis (Ort, 2001). When the lumen acidifies in this 
manner, NPQ is induced by the rapid acidification of the thylakoid lumen; the photosynthetic 
light harvesting complexes (LHCs) change conformation to favor dissipation of excitation 
energy as heat through xanthophyll pigments in associated light harvesting complexes (Niyogi, 
1999; Li et al, 2002). The relaxation of NPQ with increasing CO2 would be the proximate source 
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of additional excess excitation energy in the PETC, under the presumption that the plant loses 
some efficiency of heat dissipation as an alternative sink for excess energy.  
In the absence of a means to dissipate excess excitation energy, it is conceivable that the 
chloroplast would divert electrons directly to O2 , creating reactive oxygen species (ROS), 
thereby altering the redox environment within the chloroplast. The Water-Water cycle, also 
known as the Mehler reaction or pseudocyclic electron flow, describes the transfer of electrons 
from the PETC to oxygen to form superoxide, followed by antioxidant quenching by ascorbate to 
glutathione (Asada, 1999). Since its discovery in 1951, the extent of activity and the 
physiological role played by the Mehler (1951) reaction has been a source of debate (for reviews, 
see: Niyogi, 1999; Foyer and Noctor, 2012; Heber, 2002). To date, there is little experimental 
evidence that the Water-Water reaction dissipates excess energy, at least not in a manner that 
could be called a biochemical ‘sink’ for energy (Ruuska et al., 2000; Driever and Baker, 2011). 
For instance, Heber (2002) argues that the Water-Water cycle prevents transport components of 
the PETC from becoming over-reduced, particularly under conditions of excess energy, such that 
cyclic electron flow can properly operate. From this perspective, the Water-Water cycle is 
perhaps best understood as an exhaust conduit for excess electrons in the PETC. Hence, rather 
than a true buffer to dissipate excess energy from light, variation in the activity of the Water-
Water cycle could be meaningful to intercellular signaling as a source of reactive oxygen species 
(ROS) in plant cells.     
 
THE LINKAGE BETWEEN ROS AND DEFENSE 
Since the late 1990s, reactive oxygen species (ROS) have received field-wide (e.g. Apel 
and Hirt, 2004; Mittler et al. 2011; Foyer and Noctor, 2005) and sometimes divisive (see Alpi et 
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al., 2007 vs. Trewavas, 2007) discussion as the proximal basis for perception of -and responses 
to- the surroundings of individual plants. At heart, the redox-based signal transduction consists 
of the discharge of electrons through a biological substrate; tasked with quenching 
electrochemical energy, plant cells pass electrons through complex sequences of reduction and 
oxidation reactions (Foyer and Noctor, 2005). The intracellular sequence of reactions giving rise 
to ROS spans chloroplast, peroxisome, mitochondria, outer membrane and nucleus (Fig. 1.1; 
Cheeseman, 2007). By maintaining overall redox homeostasis, plants can sense environmental 
disturbance as fluctuations in redox state within individual cells (Foyer and Noctor, 2005).  
Photosynthesis is the first and second largest sources of hydrogen peroxide in plant cells: 
photorespiration and the Water-Water cycle, respectively (Fig. 1.1, Foyer and Noctor, 2003). 
During photorespiration, 2-PGA formed in the chloroplast is transported to the peroxisome 
where glycolate is oxidized to form glyoxalate and hydrogen peroxide (Ogren, 1984). The 
Water-Water cycle describes the production of ROS as a function of electron flow through the 
PETC and subsequent quenching of hydrogen perxoide by ascorbate within the chloroplast 
(Asada, 1999). Because the Water-Water cycle modulates ROS production in the chloroplast, 
where the cascade of events leading the production of SA is located, this cycle may play a key 
role communicating changes in the environment affecting primary metabolism to changes in 
secondary metabolism that affect susceptibility to herbivory. Beyond photosynthesis, ROS is 
produced by electron-transport in mitochondrial respiration (Møller, 2001), albeit in much lower 
volume than from photosynthesis and photorespiration (Foyer and Noctor, 2003). Unlike 
photorespiration, photosynthesis and mitochondrial respiration, NADPH-oxidases are activated 
under specific circumstances. Bound to the outer membrane of plant cells, NADPH-oxidases 
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mediate many growth functions as well as the first lines of defense during invasion from biotic 
agents (Marino et al. 2012).  
Biotic stress universally downregulates photosynthesis genes (Zou et al., 2005; Bilgin et 
al., 2010), but it is unclear whether this regulatory relationship results from retrograde signaling, 
anterograde signaling, or some combination of the two. Chloroplasts give rise to a variety of 
signals that influence expression of genes and hormone synthesis in the nuclei of plant cells 
(Demmig-Adams et al., 2014; Tikkanen et al., 2014; Gollan et al., 2015). Such signaling is 
considered ‘retrograde’ because the chloroplast generates the impetus for nuclear gene 
expression, whereas ‘anterograde’ signaling occurs when the nucleus manipulates processes 
occurring in the chloroplast (Woodson and Chory, 2008).  
The conventional model of nuclear and chloroplast gene expression following recognition 
of a biotic agent generally assumes that anterograde signaling is responsible for plant responses 
to stress. Biotic stress- from pathogens or insect herbivores- generates ROS (Torres et al., 2006; 
Bi and Felton, 1995). When plant cells recognize attack through microbial activated molecular 
patterns (MAMPs), they often trigger adjacent outer-membrane-bound NADPH-oxidases, which 
release superoxide onto the cellulose fibers comprising the plant cell wall (Marino et al. 2012). 
This burst of ROS is recognized as signal event in its own right because it stimulates salicylic 
acid biosynthesis, a major plant defense hormone (Lamb and Dixon, 1997). Such a signal 
cascade originating in the outer cell membrane and traveling through the nucleus to regulate 
chloroplast function would represent an example of anterograde signaling.  
In contrast to anterograde signaling, an environmental stimulus originating in the 
chloroplast and traveling to the nucleus would represent retrograde a signal. An imbalance in the 
energy distribution in PETC disrupts redox homeostasis, producing ROS, which then influence 
11 
 
nuclear gene expression (Gollan et al., 2015). Demmig-Adams et al. (2014) postulate that 
photoprotective mechanisms modulate this production of ROS and therefore play an important 
role in physiological regulation, beyond their immediate function in dissipating excess excitation 
energy. The chloroplast is directly involved in the biosynthesis pathways of two major defense 
hormones, salicylic and jasmonic acid (Seyfferth and Tsuda, 2014; Wasternack and Hause, 
2013). Because both retrograde and anterograde signal transduction is mediated through the 
oxidative environment of the plant cell, it is possible that the two types of signals would interact 
with one another during the induction of defense. 
Salicylic acid is an essential mediator between gene transcription and the redox 
environment within plant tissue (i.e. Leon et al., 1995; Mateo et al., 2006; Tada et al., 2008). 
NPR1, a master regulating protein responsible for initiating transcription of defense genes, is 
activated by changes in the redox state of plant cells (Tada et al., 2008). In turn, concentration-
dependent reception of salicylic acid by NPR3 and NPR4 determines which defense genes NPR1 
activates (Fu et al., 2012). Expression of enzymes driving phenylpropanoid metabolism, in 
particular, are regulated by salicylic acid (Dixon et al., 2002). During the hypersensitive response 
(HR) of plant cells, hydrogen peroxide rapidly accumulates in foliar tissue (Levine et al., 1994). 
When salicylic acid crosses a concentration threshold, the NPR complex activates genetic 
expression of HR and systemic acquired resistance (SAR) responses (Fu et al., 2012).  
Salicylic acid, itself a simple phenolic compound, directs phenylalanine lyase (PAL) 
metabolism to generate a multitude of phenolic compounds (Dixon et al., 2002). The 6-carbon 
ring structures common to all such phenolic compounds are characterized by high chemical 
stability; this core attribute of chemical stability fills a wide variety of advantageous biological 
functions. Phenolic compounds increase antioxidant capacity of plants because they can accept 
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electrons without losing structural integrity (Dixon and Palva, 1995). Similarly, the class of 
flavonoid compounds absorb UV-radiation, thereby acting as a sunscreen (Dixon and Palva, 
1995). Lignin, a major component of woody tissue, is a ‘super-molecule’ created by linking 
simple phenylpropanoid compounds in a chaotic repeating fashion (Boerjan et al., 2003). As a 
defense against herbivorous insects, many plants produce polyphenol-oxidases (PPOs), enzymes 
which form cross-links between phenolic compounds (Appel, 1993). When ingested, PPOs form 
difficult-to-digest masses of phenolic compounds inside insect guts, thereby impeding rate of 
herbivory (Appel, 1993).       
When plants perceive stress from pathogens or insects, their chemical defense response 
frequently rests upon a highly conserved tradeoff between defense hormones salicylic acid and 
jasmonic acid (Thaler et al., 2012). Herbivores with chewing mouthparts can possess 
mechanisms to induce salicylic acid in their host-plants, so as to bypass defenses based on 
jasmonic acid signaling (Musser et al, 2002; Kästner et al, 2014). Conversely, Pseudomonas 
syringae is a microbial pathogen that inoculates its hosts with coronatine, a chemical mimic of 
jasmonic acid, thereby suppressing induction of salicylic acid (Zheng et al., 2012). Some studies 
document that plants grown under elevated CO2 are more resistant against infection from viral 
pathogens as a consequence of defenses upregulated by salicylic acid (Matros et al., 2006; Huang 
et al., 2012). Zhang et al. (2015), find that elevated CO2 suppresses jasmonic-acid based defense 
in tomato by upregulating salicylic acid. Moreover, Mhamdi and Noctor (2016) demonstrate that 
elevated CO2 upregulates salicylic acid through redox-linked pathways (Mhamdi and Noctor, 
2016).  
Soybean plants grown under elevated CO2 at the soyFACE field experiment exhibit 
changes that match characteristics of altered ROS signaling from the chloroplast. Although not 
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isolated to the chloroplast, Cheeseman (2006) found that leaf tissue grown under elevated CO2 
contains more hydrogen peroxide than leaf tissue grown under ambient CO2, indicating a change 
in redox state. Qiu et al. (2008) report that protein isolated from leaves of the same experimental 
treatment exhibit increased carbonylation, a symptom of increased carbonic acid content in leaf 
tissue that could be caused by greater concentration of hydrogen peroxide. Similarly, foliar 
concentrations of  salicylic acid are known to track the redox state of plant tissue, and Casteel et 
al. (2012) observed that foliar concentration of salicylic acid in soybean is higher under elevated 
CO2 relative to control. Hence, it is possible that CO2 modulates the redox environment within 
soybean tissue and thus influences hormonal regulation of plant chemical defense.   
 
HOW DOES THE PRODUCTION OF PHOTOCHEMICAL ROS MODULATE 
DEFENSE HORMONES? 
Reactive oxygen species (ROS) signaling controls different biological processes such as 
responses to biotic and/or abiotic stimuli (Mittler et al., 2011). Although ROS can be 
accumulated in chloroplast and mitochondria of plants (Apel and Hirt, 2004; Mittler et al., 2004), 
these reactive species are mainly produced by cell wall NADPH oxidases and peroxidases (Apel 
and Hirt, 2004; Nurnberger et al., 2004). Because of the potential toxicity of ROS, non-toxic 
levels of these species must be maintained in a delicate balancing between ROS production and 
the metabolic counter-process involving ROS-scavenging enzymes (Mittler et al., 2004). Since 
plant responses might be regulated by temporal and spatial coordination between ROS and other 
signals, ROS function as secondary messengers that induce important signaling pathways.   
In response to ROS accumulation, early signaling events in plants include increased flux 
of Ca2+ into the cytosol, activation of mitogen-activated protein kinases (MAPKs), and protein 
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phosphorylation (Benschop et al., 2007). MAPKs play major role in signal transduction of 
diverse stress responses. Three consecutive elements (MAPKKK, MAPKK or MEK and MAPK) 
compose the signal cascade in which MAPK is finally phosphorylated and activated (Hamel et 
al., 2006). While the MAPKK4-MAPK3/6 module is known to play role in ROS production by 
acting upstream of NADPH oxidase, accumulation of H2O2 activates MAPK3 and MAPK6 
(Kovtun et al., 2000). Although MAPKs are activated by ROS molecules, the mechanism behind 
the specific activation of the MAPK cascade by ROS is not clear (Jalmi and Sinha, 2015). 
The interactions between ROS and MAPKs have been observed in different plant species. 
H2O2 activates MAPK3 and MAPK6 in rice and gets activated by upstream kinase MAKK6. 
Pathogen attack induced the accumulation of ROS and activated Arabidopsis MAPK3, MAPK4, 
and MAPK6. Pathogen attack in Arabidopsis produced ROS and activated MAPK through the 
cascade of MEKK1-MEKK4/5-MAPK3/6 (Asai et al., 2002). This cascade induced resistance to 
a fungal pathogen and as well increased tolerance to abiotic stresses (Kumar and Sinha, 2013; 
Sheikh et al., 2013; Singh and Jwa, 2013). MAPK ultimately phosphorylate and activate several 
downstream targets such as transcription factor, other kinases, phosphatases, and cytoskeleton- 
associated proteins (Hamel et al., 2006; Rodriguez et al., 2010). 
MAPK activation and the ROS burst are two early events that trigger plant immunity. 
Pathogen and herbivore damage are perceived by leaves and lead to rapid transcription and 
activation of MAPK signaling pathways that induce JA/ET- and SA-regulated defenses in plants 
(Kandoth et al., 2007; Wu et al., 2007; Liu et al., 2014; Petersen et al., 2000; Liu et al., 2011). 
Whereas both MAPK3 and MAKP6 redundantly control SA and JA in different plant species, 
only MAPK6 regulates ET emission (Wu et al., 2007; Kandoth et al., 2007). Silencing MAPK6 
but not MAPK3 diminished herbivory-induced ET levels in N. attenuata and Arabidopsis by 
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decreasing other kinases, such as CDPKs (Wu et al., 2007; Schafer et al., 2011). In field-grown 
soybean, after few minutes of stink bug damage to developing seeds, MAPK6 phosphorylation 
was enhanced in addition to induction of JA/ET and SA (Giacometti et al., 2016). Although 
MAPK3 and MAPK6 are involved in the amplification of defensive reactions, MAPK4 takes 
part in repressing SA biosynthesis. MAPK4 in Arabidopsis deters SA signaling pathway by 
inhibiting EDS1 and PAD4 proteins and liberating the JA/ET pathway (Petersen et al., 2000; 
Brodersen et al., 2006). GmMAPK4-silenced soybean accumulated SA and SA-regulated genes 
were up-regulated in leaves (Liu et al., 2011). 
 
A NEW HYPHOTHESIS LINKING PRIMARY AND SECONDARY METBOLISM 
 a. Imbalances lead to ROS in the chloroplast through Water-Water cycle 
Per molecule removed from the atmosphere, CO2 fixation consumes proportionally less 
ATP than O2 fixation (Foyer et al., 2009; Foyer et al. 2012). To adjust for changes in energetic 
demand caused by variation in gas composition, C3 plants decrease cyclic electron flow with 
rising CO2 concentration (Walker et al., 2015; Miyake et al., 2005). Reducing cyclic electron 
flow relaxes the proton motive force (pmf or ΔpH) across the thylakoid membrane, thereby 
slowing ATP production in the chloroplast. This relaxation in pmf is known to suppress NPQ 
mechanisms (Munekage et al. 2004; Miyake et al., 2005), although the effect has not been tested 
in context of rising atmospheric CO2. A reduced capacity for NPQ could mean that plants lose 
heat-dissipation as a means for disposing of excess excitation energy; the remaining question, 
then, is whether this loss would increase allocation of excess energy to the Water-Water cycle.    
 
b. Imbalances are exacerbated in dynamic light environments 
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Asada (1999) defines ‘excess energy’ in PETC as any electron flow that cannot be 
allocated to the combined sink--the Calvin Cycle and photorespiration. Under steady light 
conditions, plants balance energy intake against the energy demanded by fixation of atmospheric 
carbon and oxygen. However, during sudden transitions from dark to bright light conditions, 
such as would occur during cloud-breaks or sunflecks due to moving canopy cover, the sudden 
influx of light energy into the PETC could outpace demand from its primary sinks (Leakey et al. 
2003; Watling et al., 1997). During such times, NPQ plays an important role in dissipating 
excess excitation energy as heat from the light-harvesting complexes of the PETC (Watling et 
al., 1997).  
During the Mehler reaction, or Water-Water cycle, excess excitation energy in the 
photosynthetic electron transport chain (PETC) is transferred to oxygen and then to water to 
form hydrogen peroxide (Asada, 1999). The difference between measured electron transport 
rates (J) and theoretical rates calculated from gas exchange (Jc  or Jg) has been attributed to the 
Mehler reaction (Krall and Edwards, 1991; Ruuska et al., 2000). Thus, if the difference between 
J and Jg increases when plants are exposed to sudden light variation, the implication is that plants 
absorb more excitation energy than can be immediately directed to the combined sink of 
photosynthesis and photorespiration. By the same token, when the PETC departs from redox 
homeostasis- or non-steady-state photosynthesis- the efficiency of light harvest (ФPSII) should 
have a greater rate of change than the efficiency of carbon assimilation (ФCO2).     
Perturbation to redox-homeostasis, or steady-state photosynthesis, is thought to form the 
basis for retrograde signaling by the chloroplast (for review see; Gollan et al., 2015). During 
chloroplast retrograde signaling, environmental signals originate in the PETC and are transduced 
through various redox-dependent pathways to ultimately control nuclear gene expression. If the 
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initial signal stimulus in the PETC is modulated by CO2 concentration, what follows is that 
retrograde signaling from the chloroplast in response to environmental stress would differ as 
well. Salicylic acid in particular has a well-documented relationship with redox state of plant 
tissue and expression of genes related to innate immunity (respectively: Mateo et al., 2006; Leon 
et al., 1995; Vlot et al., 2009).  
 
c. Are there other environmental factors that drive the imbalance? 
 Although this hypothesis focuses on acquisition of light energy, in principle any 
environmental factor that upsets the balance between energy supply and demand in the PETC 
would result in an ROS burst from the chloroplast. Under suboptimal temperature conditions, for 
instance, Fryer et al. (1998) observe that maize plants exhibit a nonlinear relationship between 
ФPSII and ФCO2. Situations that cause rapid closure of stomata could conceivably alter the ratio of 
CO2 and O2 in stomatal cavities, thus restricting CO2 supply to adjoining cells. The effects of 
stomata closure during stress deserve careful consideration, as Farquhar and Sharkey (1982) 
indicate that stress-induced decreases in stomatal conductance rarely influence rates of carbon 
assimilation. Under dynamic or temporary conditions of stomata closure, however, a rapid shift 
in intercellular pressure of CO2 could have the effect of generating differential ROS from 
chloroplast and peroxisome, an event outlined in more detail by Kangasjärvi et al. (2012). 
Considering that some studies observe an influence of insect herbivory on stomatal conductance 
(Nabity et al., 2013; Meza-Canales et al., 2017), the role of stomatal closure during stress on 
redox-based signaling remains an open question.      
 
d. Why should photosynthesis and defense be linked? Plant carbon/energy allocation 
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The possibility that chloroplast retrograde signaling modifies plant defense responses 
appeals to the core tenets of optimal defense theories, as described by Zangerl and Bazzaz 
(1992). Since the 1970s, numerous theories have been proposed to explain how plants allocate 
energy and material resources between the primary functions of growth and secondary functions 
of defense (Schuman and Baldwin, 2015). The common denominator among such theories holds 
that plant defense exacts some cost on plant growth, leading to a tradeoff between growth and 
defense; plants must somehow balance the two functions in order to optimize their evolutionary 
fitness. Thus, because photosynthesis drives plant growth, the idea that regulation of defense 
would occur as a function of perturbation to photosynthesis matches ongoing research on the 
connection between primary and secondary metabolism in plants.    
 
 e. Experimental approaches to testing the hypothesis 
The hypothesis that C3 plant chloroplasts could modulate plant secondary metabolism in 
a CO2-dependent manner encompasses both proximate photosynthetic mechanisms and ultimate 
effects on interaction between plants and insects. The two proximate aspects of this hypothesis 
are that: 1) elevated CO2 in combination with variable light causes transient excess energy in 
electron transport to drive increased production of hydrogen peroxide; and that 2) this increase in 
production of hydrogen peroxide acts as a molecular signal that is transduced through MAPKs to 
stimulate biosynthesis of salicylic acid. Hence, if increasing CO2 amplifies the production of 
ROS by photosynthesis and if such an increase in ROS acts as a signal that is meaningful to the 
biosynthesis of defense hormones, then one might predict that the ultimate expression of plant 
chemical defense against herbivorous insects would likewise depend on concentration of CO2 in 
the atmosphere. Hence, tests of this hypothesis are predicated upon measuring interactions 
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between the light and CO2 environment of plants and their effects on the production of ROS, 
MAPKs, defense hormones, production of secondary metabolites and plant-insect interactions. 
A major obstacle to testing the hypothesis that hydrogen peroxide produced in 
chloroplasts ultimately influences plant-insect interactions is the chemical instability of reactive 
oxygen species: they are very difficult, if not impossible, to isolate and quantify. Both 
Cheeseman (2006) and Noctor et al. (2016) have published reviews on the topic of measuring 
ROS in plant tissue and have commented that current methods can be error-prone. Hence, even if 
one were to use described methods for chemically separating and quantifying ROS in plant 
tissue, the results would likely meet with implicit distrust from the scientific community. A more 
effective approach than measuring ROS directly may be to focus on documenting variation in the 
processes that give rise to ROS, or to seek the immediate effects of the production. Mhamdi and 
Noctor (2016), for example, use such an indirect measurement strategy by documenting 
endogenous pools of the antioxidants glutathione and ascorbic acid to demonstrate that the 
induction of salicylic acid by elevated CO2 in Arabidopsis is redox-dependent.  
At the level of photosynthesis, integrated measurements of gas exchange and chlorophyll 
fluorescence can determine whether elevated CO2 increases allocation of electrons to oxygen in 
dynamic light environments. If cyclic electron flow around PSI declines as CO2 concentrations 
increase, then induction of NPQ in C3 plants should be relaxed under elevated CO2 relative to 
ambient CO2. Moreover, if the activity of the Water-Water cycle during sudden transitions from 
steady to non-steady state photosynthesis depends on CO2 level, then for C3 plants the difference 
between electron transport rate (J) and theoretical electron transport rate (Jg) should be higher 
under elevated CO2 relative to ambient CO2. In other words, ФPSII should outpace ФCO2 when 
plants are exposed to sudden increases in light intensity, especially so with increasing CO2. The 
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theoretical rate of electron transport (Jg) can be calculated based on a derivation of the Farquhar-
von Caemmerer-Berry model of photosynthesis, as in Ruuska et al. (2000). Similarly, when ФPSII 
displays a non-linear relationship with ФCO2, the implication is that the PETC is acquiring more 
energy than can be immediately directed towards carbon metabolism, as in Fryer et al. (1998).     
At the level of intra-cellular signaling, imaging techniques can be used to visualize ROS 
production in leaf tissue while chromatographic methods can quantify concentrations of major 
defense hormones. To visualize ROS, diamine-benzidine (DAB) stain reacts with H2O2 in the 
presence of peroxidases to form a brown precipitate. If elevated CO2 causes differential 
production of ROS, then leaf tissue grown exposed to sudden dark-to-light transition should 
appear dark when treated with DAB solution, relative to untreated leaves or leaves treated under 
ambient CO2. Similarly, if the induction of salicylic acid by fluctuation in light levels depends on 
CO2, then the magnitude of induction of salicylic in C3 plants in dynamic light environments 
should be increased under elevated CO2 relative to ambient CO2. At the same time, induction of 
jasmonic acid should be relatively suppressed.   
At the level of plant-insect interactions, chemical analysis of secondary metabolites and 
bioassays with insect herbivores can determine the palatability of plant tissue changes depending 
on light and CO2 environment. For instance, if dynamic light and elevated CO2 interact so as to 
compromise plant chemical defenses, then insect herbivores would be expected to both prefer 
and consume more of plant tissue grown under dynamic light and elevated CO2 than plant tissue 
grown under steady light and ambient CO2. Likewise, the profiles of secondary metabolites 




At all stages of hypothesis testing, genetic manipulation of plants may help to resolve the 
signaling pathways transduced from initial perturbations of photosynthesis to ultimate effects on 
plant-insect interactions. To name just a few possibilities, the Arabidopsis biological resource 
center (ABRC) at www.abrc.osu.edu maintains a stock of genetically altered Arabidopsis lines 
that pertain to the hypothesis discussed in this chapter. Among those lines of Arabidopsis are 
NPQ mutants that are deficient in the induction of non-photochemical quenching (originally 
developed by Niyogi et al., 1998) and ascorbate mutants that are deficient in production of the 
antioxidant ascorbate (originally developed by Conklin et al., 2000). By relaxing the induction of 
NPQ through genetic manipulation, one might expect to replicate the effects of elevated CO2 on 
induction of foliar salicylic acid by dynamic light. Similarly, by reducing available pools of 
ascorbic acid, one might expect to amplify hydrogen peroxide in leaf tissue and thus increase 
foliar concentration of salicylic acid. Given the broad nature of this hypothesis, many more 
genetic targets may be possible; the suggestions provided here are intended to serve as examples 







Figure 1.1. An outline of the series of hypothetical causal connections between atmospheric 
conditions and plant expression of chemical defense. Upwards- and downwards-pointing 
triangles in boxes represent the relative up- and down- regulation of cellular processes with 






Figure 1.2 Sources of reaction oxygen species (ROS) in plant cells. The four major sites for the 
production of ROS are labelled with a star. Metabolic routes followed by the Calvin Cycle and 





Figure 1.3A Schematic of major components of the photosynthetic electron transport chain. 
1.3B The relationship between electron-flow, proton-motive force and photoprotection (NPQ) in 
C3 plant chloroplasts. The red line represents flow of energy, either as heat or excitation transfer, 
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DOES ELEVATED CO2 ALTER C3 PLANT CHEMICAL DEFENSE THROUGH ROS 
SIGNALS ORIGINATING FROM PHOTOSYNTHESIS?2 
 
ABSTRACT 
 Elevated CO2 alters soybean tolerance to biotic stress, through an unknown physiological 
pathway that is believed to be redox-dependent. Hypothetically, photosynthesis can give rise to 
H2O2 flux through the Water-Water Cycle (WWC) in chloroplast stromata, especially when 
dynamic light disrupts steady-state conditions. To calculate whether such disruption to 
photosynthesis could be sensitive to atmospheric concentration of CO2, the activity of the WWC 
was simulated in-silico, via e-Photosynthesis, under combination of variable CO2 and dark-to-
bright light transitions. To validate e-Photosynthesis predictions in-vivo, canopy leaves of 
soybean (Glycine max) grown under ambient (400 ppm) and elevated (550 ppm) CO2  at the 
soyFACE field-site were measured for resolvable differences in the kinetics of gas-exchange and 
chlorophyll fluorescence during sudden transitions from dark-to-bright light intensity (50 to 1200 
PPFD). Consistent with model predictions, the amount of excess excitation energy (EEE) 
acquired during sudden dark-to-bright conditions increases with CO2. According to e-
Photosynthesis, the quantity of H2O2 formed in this way is relatively constrained, increasing 
from stromal concentration of 0.38 picoM under ambient CO2 to 0.49 picoM under elevated CO2. 
                                                 
2 This chapter was first submitted to Plant Physiology in July 2017, then resubmitted in December 2017 
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H2O2 generated by photosynthesis is gaining increasing recognition in the scientific literature as a 
potential retrograde signal. The immediate significance of this study is the implication that CO2 
and light environment modulate the equilibrium of H2O2 in chloroplast stromata.  
 
Abbreviations:  
SA: Salicylic Acid; JA: Jasmonic Acid; PETC: Photosynthetic Electron Transport Chain; ROS: 
Reactive Oxygen Species; PCO: Photosynthetic Carbon Oxidation or Photorespiration; PRC: 
Photosynthetic Reduction of Carbon or Calvin Cycle; EEE: Excess Excitation Energy; WWC: 
Water-Water Cycle; Mehler-Ascorbate reaction; NPQ: Non Photochemical Quenching; pmf: 
Proton Motive Force or ΔpH; PSII: Photosystem II; PSI: Photosystem I; ΦPSII: Quantum Yield 
of Photosystem II; SOD: Superoxide Dismutase; APX: Ascorbate Peroxidase 
 
INTRODUCTION 
Plants grown under elevated concentration of CO2 exhibit altered expression of chemical 
defense responses to insect herbivores, relative to present-day atmospheric CO2 levels (Zavala et 
al., 2013; Zavala et al., 2017). The physiological mechanism linking CO2 to plant defense is 
unknown; the current consensus among a select but growing number of studies holds that rising 
CO2 stimulates biosynthesis of the hormone salicylic acid (SA) in plant tissue, thereby prompting 
a shift in plant tolerance to biotic stress in general (Casteel et al., 2012; Matros et al., 2006; 
Zhang et al., 2015; Mhamdi and Noctor, 2016; Noctor and Mhamdi, 2017). Specifically, Zhang 
et al. (2015) report that the induction of SA by CO2 alters plant tolerance to microbes through 
antagonistic association with the defense hormone jasmonic acid (JA), while Mhamdi and 
Noctor (2016) recently suggest that elevated CO2 induces SA through a pathway driven by 
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changes in the redox environment within plant tissue. Meanwhile, soybean tissue grown under 
elevated CO2 contains increased amounts of H2O2 (Cheeseman, 2006), symptoms of oxidative 
modification to proteins (Qiu et al, 2008), as well as increased concentration of foliar SA 
(Casteel et al., 2012). Thus, a critical question in determining how CO2 affects plant resistance to 
biotic stress now concerns how rising CO2 increases production of H2O2 in plant tissue.    
In theory, the observed influence of CO2 on SA could be mediated by alteration of redox 
homeostasis in plant chloroplasts (Fig. 2.1; for more detailed discussion see Gog et al., in press), 
but currently there are few experiments linking such alteration in photosynthesis with changes in 
plant chemical defense (Ballaré, 2014). It is well established that additional CO2 supplied to 
chloroplasts accelerates photosynthetic reduction of carbon (PRC; Calvin Cycle) and 
competitively inhibits photosynthetic carbon oxidation (PCO; photorespiration), thus altering the 
overall balance of chemical energy required for both metabolic processes (Foyer et al., 2012; 
Fig. 2.1). Sudden shifts in these energetic requirements could generate reactive oxygen species 
(ROS) in the chloroplast (Kangasjärvi et al., 2012). However, the quantity of ROS as well as 
their hypothetical function in retrograde signaling remain under-documented in the scientific 
literature (see green boxes in Fig.1). Downstream of photosynthesis, the biosynthesis of SA has a 
better-documented relationship with concentration of H2O2 in leaves of C3 plants (Leon et al., 
1995; Rao et al., 1997; Mateo et al., 2006), and is regulated by the activity of map kinases 
(Seyfferth and Tsuda, 2014; Genot et al., 2017).  
The production of ROS in plant chloroplasts represents a hypothetical link between the 
primary metabolic process of photosynthesis and the secondary metabolic process of chemical 
defense. Such formation of photosynthetic ROS can occur when the PETC gathers more light 
energy than can be immediately directed to the combined assimilation of CO2 and O2, resulting 
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in excess excitation energy (EEE). Under conditions of EEE,H2O2 is produced in the chloroplast 
stroma by the Water-Water Cycle (WWC; Asada, 1999), also referred to as the Mehler-
Ascorbate Reaction (Badger et al, 2000; Ruuska et al, 2002) or pseudocyclic electron flow (Krall 
and Edwards, 1992; Fig. 2.2). Besides the superoxide generated at PSI, a second source of ROS 
in the chloroplast stroma occurs when PSII excites triplet oxygen (3O2) to singlet oxygen (
1O2; 
Asada, 2006). In the WWC, the photosynthetic electron transport chain (PETC) chemically 
quenches EEE by reducing oxygen directly at the ferredoxin site of PSI, of which the resulting 
superoxide is dismutated to H2O2 by superoxide dismutase (SOD) and then reduced by ascorbate 
peroxidase (APX) to form water (Fig. 2.2; Asada, 1999). Whether activity of the WWC is 
responsive to atmospheric CO2 concentration is unknown.  
Typically, EEE in the PETC is dissipated as heat through non-photochemical quenching 
(NPQ; Ort, 2001; Müller et al., 2001). NPQ kinetics are sensitive to atmospheric CO2 
concentration through a feedback-mechanism known as the ‘proton-circuit’ of photosynthesis 
(Fig. 2.2; Kanazawa and Kramer, 2002; Cruz et al., 2005; Avenson et al., 2005). The so-called 
proton-circuit refers to the dynamic inter-relationship between flux of protons from the PETC 
through the thylakoid lumen, the ratio of ATP to NADPH generated, energy-dependent-
quenching of EEE, as well as the WWC (for discussion see Cruz et al., 2005). Although the 
proton-circuit is generally understood as a mechanism for balancing intake of energy from light 
against metabolic demand for chemical energy, the nuances of its function remain hypothetical 
(Cruz et al., 2005). In silico modeling of photosynthesis has emerged as a viable method for 
exploring details of electron flow through the PETC (Zhu et al., 2013; Morales et al., 2017).         
Although recent reviews discuss the potential significance of H2O2 production in the chloroplast 
as a secondary messenger in intra-cellular signaling (i.e. Noctor and Foyer, 2016; Mignolet-
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Spruyt et al., 2016; Gollan et al., 2015; Matsubara et al., 2016; Dietz et al., 2016), the chemical 
instability of H2O2 has presented an obstacle to direct isolation and measurement in plant tissue 
(Cheeseman, 2006; Noctor et al., 2016). The putative source of H2O2, the WWC, also is difficult 
to measure directly, as it typically accounts for <10% of electron transport in photosynthesis 
(Badger et al., 2000; Driever and Baker, 2011). However, with the aid of a fluorescently-labeled 
biosensor, Exposito-Rodriguez et al. (2017) recently observe chloroplasts directly transferring 
H2O2 across nuclear envelopes under conditions of high light. Alternatively, because the WWC 
occurs as a function of electron flow in the PETC, its activity may be amenable to calculation via 
in-silico modeling of photosynthesis (Zhu et al., 2013), or through comparison of theoretical 
rates of electron transport with measured rates (as in Krall and Edwards, 1992; or Ruuska et al., 
2002). A further approach to facilitating measurement of the WWC might be to stimulate its 
activity, through introduction of EEE to the PETC by sudden transition from shade to bright 
light.  
Our hypothesis that elevated CO2 alters C3 plant chemical defense through ROS signals 
originating in photosynthesis (Fig. 2.1), is predicated upon the mechanism of the proton-circuit 
of the PETC and its possible connection to the activity of the WWC (Fig. 2). Specifically, if 
rising CO2 relaxes NPQ kinetics, thus amplifying the WWC, then one would expect to measure 
an increase of EEE in the PETC under dynamic light, followed by a downstream increase of SA 
biosynthesis in plant tissue (Fig. 2.1). To test these predictions, we took a combined model-
experiment approach; we calculated activity of the WWC in silico under differing concentrations 
of CO2, coupled with field-measurements of the kinetics of chlorophyll fluorescence, gas 
exchange and foliar content of SA in leaves of soybean (Glycine max) grown under free-air CO2 
enrichment (FACE). The e-Photosynthesis dynamic model of C3 leaf photosynthesis (Zhu et al., 
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2013) applied in this study uses an evolutionary algorithm to integrate previously developed 
expressions of photosynthetic processes. Earlier work leading to the development of e-
Photosynthesis has calculated the upper theoretical limits of photosynthetic yield (Zhu et al., 
2007; Zhu et al., 2008) and identified metabolic targets for increasing photosynthetic yield (Zhu 
et al., 2010).         
 
MATERIALS AND METHODS 
Model calculation of H2O2 production 
 To calculate the flux of H2O2 through the WWC in a C3 mesophyll chloroplast stroma 
under fluctuating light, we applied e-Photosynthesis, a dynamic systems model of C3 
photosynthesis (Fig. 2.2; Zhu et al., 2013). This model mimics photosynthesis in-silico, by 
incorporating known rate constants for individual components of the PETC and carbon 
metabolism into a unified framework of differential equations, executed via MATLAB 
(Mathworks, Natick, MA, USA). We extended the model to include the formation and 
dissipation process of H2O2 through the WWC in a mesophyll cell. The three reactions added to 
the e-Photosynthesis model were:  
1.      FdN + O2 → Fd + O2- 
v1 = k1 × FdN×O2/(O2+Km1); 
where FdN represents reduced ferrodoxin, Fd represent oxidized ferrodoxin, O2
- represents the 
oxide ion; v1 represents the reaction rate, k1 is the rate constant (default: 25 M
-1 s-1; Asada, 
1999), Km1 is the Michaelis-Menten constant (default: 0.06 mM; Asada, 1999). 
2.      O2
− + 2 H+ → H2O2 + O2 





where v2 here represents the reaction rate of this reaction, k2 represents the rate constant (default: 
2×108 M-1s-1; Asada, 1999) while Km2 represents the Michaelis-Menten constant for O2
- (default: 
0.355 mM; Rigo et al., 1975) and the concentration of superoxide dismutase (SOD) was assumed 
as 1mM (Asada, 1999). 
3.  H2O2 → H2O + 1/2 O2 
v3 = k3 × [APX] × [H2O2]/([H2O2]+Km3); 
where k3 represents the rate constant (2×10
6 s-1M-1); Km3 represents the Michaelis-Menten 
constant for H2O2 (default: 0.011 mM, Caldwell et al., 1998), [APX] represents the concentration 
of ascorbate peroxidase (APX) in the chloroplasat stroma (default: 1mM; Asada, 1999). The 
procedure to establish the systems of ordinary differential equations and the algorithm used to 
solve the systems of ordinary differential equations follow Zhu et al., (2013). In the model, 
hypothetical leaves were exposed to an increase in light intensity from 100 mol m-2 s-1 PFD to 
1000 mol m-2 s-1, under either ambient (Ci = 290) or elevated (Ci = 490) CO2. In the model, 
photosynthesis was assumed to be co-limited by rate of carboxylation and electron transport. 
This assumption follows photosynthetic coordination theory (Chen et al. 1993), which predicts 
that plants allocate resources so as to balance photosynthetic electron transport against rate of 
carboxylation. Moreover, WWC was treated as the sole alternative electron sink, under the 
assumption that the activity of all other electron sinks would scale proportionally with variation 
in CO2.  
 To test the sensitivity of e-Photosynthesis results to the physiological state of the PETC, 
the initial calculation of H2O2 was repeated under variable environmental conditions. Each 
calculation at ambient (Ci = 290) and elevated (Ci = 490) CO2 was repeated under low oxygen 
(2%). To calculate whether the initial extent of reduction in components of the PETC might 
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affect output of H2O2, the simulation was performed during a dark-to-bright transition from 10 
mol m-2 s-1 PFD to 1000 mol m-2 s-1, under both ambient and elevated CO2.  
 
Field site 
Field experiments were conducted to validate the results from model simulations of 
photosynthesis. Soybean, Glycine max, was grown during the 2013, 2015 and 2016 field season 
under open-air conditions at the soyFACE (Free Air CO2 Enrichment) experimental field site, 
located at the University of Illinois at Urbana-Champaign (40°02′N, 88°14′W, 228-m above sea 
level). To simulate future atmospheric conditions, local CO2 concentration was enriched to 550 
ppm in four octagonal plots, each measuring 20 meters in diameter (282.2 m2), while 4 control 
plots were maintained at the current ambient CO2 concentration of approximately 400 ppm. 
Plants measured during the 2013 field season included an additional heat treatment, in which 
infra-red heaters installed within experimental plots continuously raised canopy surface 
temperature by 3.5°C. Further description of the FACE and heating manipulations can be found 
in Rogers et al. (2004) and Ruiz-Vera et al. (2013), respectively. Incident irradiance is measured 
continuously at the site, via PAR sensor (BF2 sunshine sensor, Delta-T devices LTD, 
Cambridge, UK). Soybean cultivar P93Y40 was planted during the 2013 season while P35T58R 
was planted during the 2015 and 2016 seasons. Both cultivars are high-yielding varieties of 
soybean that are not expected to significantly differ from one another in terms of their sensitivity 
to environmental conditions. As is typical for this region, corn and soybean are grown in rotation 
at soyFACE, without addition of fertilizer during the soybean phase of the cycle.  
 
Field measurements of chlorophyll fluorescence and gas exchange 
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 To compare the response of photosynthesis to dynamic light for plants growing under 
two different concentrations of CO2, gas exchange and chlorophyll fluorescence was measured 
in-vivo on soybean grown at the soyFACE field experiment. In an initial experiment, chlorophyll 
fluorescence was measured with a portable fluorometer (PAM-2100; Heinz Walz GmbH, 
Germany). Fluorescence was measured on fully expanded canopy leaves, one on each of two 
plants from each of the eight experimental plots maintained under either elevated CO2 (~550 
ppm) or ambient CO2 (~400 ppm), for a total of 8 plants per experimental CO2 treatment. To 
ensure that leaf tissue was dark adapted, induction of non-photochemical quenching (NPQ) was 
measured at night, with the fluorometer providing ~1200 mol m-2 s-1 PPFD actinic light and 
saturating light pulses applied every 40 seconds over a 5-minute period. To measure leaf 
responses to sudden increases in light intensity, a shade cloth blocking ~90% of incident light 
was placed over plants at night, then removed under full sun (>1200 mol m-2 s-1 PPFD) during 
the following afternoon. Upon removal of the shade cloth, quantum yield of photosystem II 
(ΦPSII) was measured in saturating light pulses every 40 seconds over a 5-minute period.  
To compare the response of carbon assimilation to sudden increases in light intensity 
under variable CO2 levels, gas exchange was measured with an open gas exchange system paired 
with an infra-red analyzer (LI-6400XT; LI-COR, Inc., Lincoln, NE, USA). Fully expanded 
canopy leaves under either elevated CO2 (~550 ppm) or ambient CO2 (~400 ppm) were selected 
as described above for a total of 8 plants per experimental CO2 treatment. To ensure that leaf 
tissue was dark adapted, leaves were collected before dawn, fresh-cut petioles immersed in 
water, and kept in darkness until the commencement of measurement, as in Rogers et al. (2004). 
The gas exchange system was programmed to deliver stepwise increases in light intensity, 
beginning with measurement of leaf gas exchange in the dark for 5 minutes. Then, to remove 
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leaves from dark-adapted conditions and achieve steady-state photosynthesis, light levels 
increased to 50 mol m-2 s-1 PFD for 10 minutes. Finally, light level was increased to 1500 mol 
m-2 s-1 PFD, to emulate sudden increase in light intensity, such as might occur under naturally 
variable light conditions.  
The experiment was repeated, but this time with simultaneous fluorescence 
measurements via addition of a leaf-chamber fluorometer (6400-40; LI-COR, Inc., Lincoln, NE, 
USA); in this experiment, leaves were exposed to two dark-light cycles. Leaf gas exchange and 
chlorophyll fluorescence measurements (Fm and Fm’) were measured in saturating pulses of 
light manually applied approximately once per minute. Measuring pulses were timed manually 
with a stopwatch. No more than 8 leaves were measured per day over three consecutive days for 
a total measurement of 16 samples.  
Fluorescence parameters were calculated following instructions and nomenclature in 
Murchie and Lawson (2013). To assess the extent of photoinhibition, fluorescence in darkness 
was measured before first exposure to light (Fo) and thereafter (Fo’) by briefly turning off the 
actinic light, no more than once every three saturating pulses to minimize interference with 
photosynthesis. To control for possible interference of photosynthesis from fluorescence 
measurements, one leaf from each of elevated and ambient CO2 treatments was measured 
without intermittent pulses of saturating light or darkness. Light levels were maintained at 0 for 5 
minutes, then increased to 50 mol m-2 s-1 PFFD for 10 minutes, then increased to 1200 mol m-
2 s-1 PFFD for five minutes, reduced to 400 mol m-2 s-1 PFFD for five minutes, then returned to 





Calculation of theoretical electron transport rate (Jg) based on gas exchange 
To estimate the generation of EEE by soybean leaves during sudden transitions to high 
light intensity, a derivation of the Farquhar-Berry-von Caemmerer model of C3 photosynthesis 
was applied to calculate the amount of electron transport rate consumed by the combined 
processes of photosynthesis and photorespiration, denoted here as Jg, then compared with the rate 
of electron transport calculated from quantum yield of photosystem II (Jf), as in Ruuska et al. 
(2002).  According to Asada (1999), the difference between amount of energy acquired (Jf) and 
the amount of energy consumed by the combined sinks of PRC and PCO (Jg) represents EEE that 
must be quenched through alternative electron sinks, i.e. the WWC. 
The rate of electron transport determined from chlorophyll fluorescence, Jf, was 
calculated following Murchie and Lawson (2013): 
  Jf  = ΦPSII * ABS * 0.5 * PAR 
Where ΦPSII represents quantum yield of photostystem II, ABS represents leaf 
absorptance of light and PAR represents photosynthetically active radiation. Leaf reflectance and 
transmittance were separately determined via digital spectrometer (JAZ; Ocean Optics, Dunedin, 
FL, USA) on two biological replicates from each of four experimental rings at soyFACE. 
Absorptance was calculated as 1 – reflectance – transmittance. 
 The theoretical rate of electron transport, Jg, necessary to support the observed rate of gas 
exchange, was calculated following von Caemmerer (2000) and in Ruuska et al. (2000): 
 Jg = (A + Rd) (4(Ci – (A/gi)) + 8Γ*) / ((Ci – (A/gi)) – Γ*); 
where Γ* represents the photosynthetic compensation point, Rd represents day-respiration, gi 
represents transfer conductance of CO2 and A represents rate of carbon assimilation. The values 
of, Γ*, and Rd, were separately determined by finding the intercept of A-Ci curves performed at 
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varying levels of mild light intensity, in accordance with methods described by Laisk and Loreto 
(1996). To estimate CO2 transfer conductance, gi , from these A-Ci values, the average ratio of 
photosynthetic rate, A, to the difference of stomatal and chloroplastic concentration of CO2, Ci 
and Cc, was determined following von Caemmerer (2000). Specifically, Cc was first calculated 
based on the relationship: 
 Cc = Γ* (Jf + 8(A + Rd)) / Jf – 4(A + Rd) 
Next, gi for each measurement of A and Ci was calculated as:   
 gi = A/(Ci – Cc) 
These equations are listed as eq. 3.8 and eq. 3.9, respectively, along with discussion in von 
Caemmerer (2000). Ultimately, the estimate of gi used in calculation of Jg was an average of 
values calculated from Cc values based on the initial assumption that Jf = Jg. With the 
understanding that Jf and Jg should differ due to alternative electron sinks, the measurement error 
associated with modeled gi values was then attributed to activity of the WWC. Thus the Jg 
calculated for this paper is based on Cc values calculated from an average gi common to both 
experimental treatments.  
            To visualize the light-induced production of H2O2 in soybean leaves, field-grown plants 
were covered in shade cloth, which reduced incident irradiance by ~90%, at night and exposed to 
full afternoon sun the following day. Five minutes following exposure to light, canopy leaves 
were harvested and incubated in 1 mg ml-1 3,3 diamino-benzidine (DAB) HCl solution, following 
Thordal-Christensen et al. (1997). DAB interacts with hydrogen peroxide in the presence of 
peroxidases to form a brown precipitate, thus acting as a qualitative indicator for production of 
ROS in plant tissue. To infiltrate foliar tissue with the stain, leaves were placed stem-down in 
solution immediately after being cut from the plant, then incubated under mild vacuum for 24 
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hours. To clear chlorophyll from foliar tissue, leaves were boiled in 95% ethanol. To control for 
coloration caused by the DAB stain itself, 4 leaves from each of ambient and elevated CO2 were 
developed without DAB and visually compared to DAB-treated leaves. Approximately 1 cm x 1 
cm sections were exacted from each leaf, mounted on glass and examined under a 
stereomicroscope (Stereolumar; Zeiss, Jena, Germany) at 7x magnification. Scale bars were 
incorporated with stereomicroscope images (AxioCAM 512 color; Zeiss, Jena, Germany) via 
integrated imaging software (Zen 2 Blue Edition; Zeiss 2011, Jena, Germany). 
 
Measurement of foliar salicylic acid concentration  
 Plants under field conditions are exposed to highly dynamic light environments. If 
dynamic light paired with elevated CO2 stimulates the WWC thereby generating H2O2 and 
consequently the biosynthesis of SA, then SA levels should be higher in plants grown under 
elevated CO2 (Fig. 2.1). Foliar SA was measured in leaves exposed to ambient and elevated CO2 
and ambient and elevated temperature under naturally varying light conditions in a 2 x 2 factorial 
experimental design in the soyFACE experiment. Fully expanded canopy leaves were collected 
from the field during the early vegetative phase of growth (V3), the onset of flowering at mid-
season (R1) and the appearance of bean pods later in the season (R5). Four biological replicates 
were collected from each of eight experimental plots, two under ambient temperature and two 
under elevated temperature, for a total of 8 plants per treatment.    
  To extract endogenous SA, frozen soybean canopy leaves were ground to a fine powder 
with a mortar and pestle under liquid nitrogen. Crude extracts of ~50 mg of pulverized leaf tissue 
were prepared following Pan et al. (2010), with the inclusion of 50 ng of d4-SA isotope standard 
per sample. Sample extracts were suspended in 100 µl of HPLC-grade methanol. Foliar content 
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of SA was quantified with a liquid chromatograph-mass spectrometer (2010 EV; Shimadzu, 
Columbia, MD, USA). Samples were run on a linear gradient 30% to 100% solvent B mixture of 
methanol and 0.05% formic acid and solvent A of H2O and 0.05% formic acid over a course of 
30 minutes, at a flow rate of .4 ml/min and a column temperature of 40°C. Hormone separation 
was achieved with a 150 x 2.00 mm, 5 m column (Gemini; Phenomenex, Torrance, CA, USA). 
The mass spectrometer was run in negative electrospray mode and set to detect specific single-
ion masses associated with SA and its corresponding isotope standard (139 and 141, 
respectively). Quantification of foliar SA was determined by integrating and comparing the 
retention time of its ionization peak against that of its corresponding isotope standard. Each 
measurement was calibrated against a blank containing standard SA-d4 run after every four 
experimental samples.   
 
Statistical analyses 
For the purpose of statistical analysis, the values from the two biological replicates within 
each plot were averaged, and this average value was for further analyses. All statistical analyses 
were conducted in R (version 3.2.3, R foundation for statistical computing). Analyses of variance 
(ANOVA) repeated over several measures were performed to compare the effects of variable 
CO2 on chlorophyll fluorescence and gas exchange over time. An ANOVA was performed to 
resolve differences in mean endogenous concentration of SA among heat and CO2 treatments 







 To model induction of NPQ kinetics and accompanying formation of H2O2 from the 
WWC during sudden transitions of light (Fig. 2.2), photosynthesis was simulated using e-
Photosynthesis under ambient and elevated CO2. According to model predictions, the differential 
demand on the PETC for chemical energy from the competing processes of PCO and PRO slows 
the rate of cyclic electric flow as CO2 increases. This energetic adjustment causes rising CO2 to 
weaken ΔpH between lumen and stroma, reduce the amount of excitation energy dissipated as 
heat through NPQ, increases ΦPSII and increases the amount of H2O2 produced in the WWC 
(Fig. 2.3). 
The predicted amount of H2O2 formed by the WWC would be relatively small; per 
approximately four hundred thousand to six hundred thousand excitons dissipated as heat per m2 
per second through NPQ, e-Photosynthesis calculates that stromal concentration of H2O2 should 
reach equilibrium at 0.38 picoM under ambient CO2 and at 0.49 picoM under elevated CO2  (Fig. 
2.3). In the simulation, this formation of H2O2 was rapidly quenched by the activity of ascorbate 
peroxide (APX) to reach steady state after approximately 80 seconds of oscillation (Fig. 2.3)  
To analyze the sensitivity of calculated H2O2 to environmental variation, the simulation 
was repeated under conditions of low oxygen (2%) as well as during a light transition from 
darker to brighter light (10 µmol m2 s-1 PFD to 1000 µmol m2 s-1 PFD), each under both ambient 
and elevated CO2 (Fig. 2.4). Altering environmental conditions in this way affected the period 
and amplitude of oscillation in H2O2 during the ~80 seconds following transition to bright light 
(Fig. 2.4). In particular, the peak of the initial spike of H2O2 formed within the first second of 
exposure to bright light increased as the transition from dark-to-bright became more extreme 
(Fig. 2.4C). When light was transitioned from 100 µmol m2 s-1 PFD to 1000 µmol m2 s-1 PFD at 
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21% oxygen, stromal concentration reached a maximum of 1.6 picoM under both ambient and 
elevated CO2 (Fig. 2.4A).  When light was transitioned from 100 µmol m
2 s-1 PFD to 1000 µmol 
m2 s-1 PFD at low, 2%, oxygen, stromal concentration reached a maximum of 1.3 picoM under 
both ambient and elevated CO2 (Fig. 2.4B). When light was transitioned from 10 µmol m
2 s-1 
PFD to 1000 µmol m2 s-1 PFD at 21%, oxygen, stromal concentration reached a maximum of 
11.3 picoM under both ambient and elevated CO2 (Fig. 2.4C). Under each environmental state, 
stromal concentration of H2O2 reached steady-state at approximately 80 seconds following 
exposure bright light, at 0.38 picoM and 0.49 picoM under ambient and elevated CO2, 
respectively (Fig. 2.4).  
To validate model predictions, we measured chlorophyll fluorescence to determine NPQ 
kinetics under elevated CO2. In the field, the NPQ response of soybean leaves acclimated to 
elevated CO2 and suddenly exposed to actinic light at night lagged behind that of leaves grown 
under ambient CO2 (Fig. 2.5; repeated measures ANOVA: N = 8, p < .001). At the same time, 
when shaded soybean plants were suddenly exposed to full sun, ΦPSII tended to be greater in 
canopy leaves grown under elevated CO2 relative to ambient (Fig. 2.5; repeated measures 
ANOVA: N = 8, p = .075). When stem-cut soybean leaves were removed from the field and 
exposed to bright light following a brief-period of dim pre-illumination, the rate of carbon 
assimilation (A) was significantly increased under elevated CO2 relative to ambient CO2 (Fig. 
2.6; repeated measures ANOVA, N = 8, p < .001).  
When the dark-bright experiment was repeated the following season with simultaneous 
measurement of chlorophyll fluorescence and gas exchange, the magnitude carbon assimilation 
(A) (Fig. 2.7) was lower than previously observed (Fig. 2.6), and the rate of carbon assimilation 
(A) differ not significantly between elevated and ambient CO2 (Fig. 2.7).  NPQ induction initially 
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did not differ significantly between CO2 levels (Fig. 2.7; repeated measures ANOVA, p = 0.66). 
During a second phase of bright illumination, however, NPQ induction was significantly 
decreased in leaves grown and measured under elevated CO2 relative to leaves grown and 
measured under ambient CO2 (Fig. 2.7; repeated measures ANOVA, p <.001).     
Light absorption by soybean leaves (: 0.90 ± 0.04, mean across treatments), dark 
respiration (Rd: 0.5 ± .25 µmol CO2 m
2 s-1), photosynthetic compensation point (Γ*: 40 ± 10 
mmol CO2
 mol-1) and transfer conductance (gi: 0.005 ± 0.001 mol CO2 m
-2 s-1) did not differ in 
plants grown at ambient and elevated CO2 (t-test, p < .05).  
The theoretical rate of electron transport, Jg, calculated from gas exchange parameters (A, 
Ci, Rd, Γ*, and gi) was less than the measured rate of electron transport, Jf, derived from  
chlorophyll fluorescence (Fig. 2.8), with the difference flowing in part into WWC. With the 
amount of energy acquired from absorption of light outpacing demand from the combined 
metabolic processes of PRC and PCO, the difference between Jg and Jf estimates that of the 
energy acquired during the initial light transition, approximately 60% is in excess under elevated 
CO2 while approximately 70% is in excess under ambient CO2 (see arrows in Fig. 2.8).  
 When canopy leaves of soybean are transitioned from shade to bright afternoon sun for 5 
minutes and then developed for visualization of H2O2, foliar tissue cleared of chlorophyll appears 
dark brown in response to light transition whereas leaves kept at steady light intensity appear 
starch-white (Supplemental Fig. 2.3). Upon closer inspection with a stereomicroscope, the 
brownish precipitate formed in response to sudden dark-to-bright transition appeared localized in 
the vascular spaces of leaves as well as in mottled black specks on leaf surfaces between veins. 
This method did not resolve difference between leaves exposed to sudden dark-to-bright 
transition under either ambient or elevated CO2.      
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 In canopy leaves of field-grown soybean, foliar concentration of SA increased in mid-
season, relative to early and late-season stages (Fig. 2.9), and was significantly higher under 
elevated CO2 (0.68 ± 0.19 µg/g FW) than ambient CO2 (0.40 ± 0.09 µg/g FW). During the mid-
season flowering period, both elevated CO2 and elevated temperature increased foliar SA 
concentration, resulting in a statistically significant interaction between CO2 and temperature 
(ANOVA, N = 8, p = 0.044; Supplemental Table 2.1).      
 
DISCUSSION 
While not directly measured, our study supports the prediction that raising CO2 
concentration would increase formation of H2O2 in plant chloroplasts, during sudden fluctuations 
in light intensity. According to the in-silico model of photosynthesis, increasing CO2 reduced the 
ΔpH across the thylakoid membrane, thereby relaxing induction of NPQ; when photosynthesis 
encountered sudden transition to bright light under elevated CO2, some of the EEE that had been 
dissipated as heat under low CO2 instead was quenched through formation of ROS (Fig. 2.2; Fig. 
2.3). Throughout repetition of the simulation under variable environmental factors, the calculated 
steady-state concentration of stromal H2O2 was increased under elevated CO2 relative to ambient 
CO2 (Fig. 2.4). In vivo observations of gas exchange and chlorophyll fluorescence in soybean 
(Fig. 2.5; Fig. 2.6; Fig. 2.7 and Fig. 2.8) agree with the behavior predicted by e-Photosynthesis. 
The model calculated that the quantity of H2O2 produced during fluctuations of light was small- 
on the order of one molecule of H2O2 per hundred thousand excitons dissipated as heat- 
regardless of CO2 concentration (Fig. 2.3). That elevated CO2 amplifies this amount of H2O2 
suggests a possible mechanism linking photosynthesis with chemical defense, in which 
retrograde ROS signals from chloroplasts modulate plant tolerance to biotic stress.     
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In theory, the formation of H2O2 in the WWC results from acquiring more light energy 
than can be immediately directed to metabolic assimilation of carbon and oxygen (Asada, 1999). 
Because logistical challenges make direct measurement of ROS in chloroplasts impractical, we 
took two  approaches to inferring the generation of H2O2 by photosynthesis during sudden 
increases in light: 1. Calculating in silico the flux of H2O2 based on rate constants of PETC and 
WWC components (Fig. 2.3) and 2. inferring H2O2 production as a proportion of EEE derived 
from integrated chlorophyll and gas exchange measurements via the Farquhar-von Caemmerer-
Berry model of photosynthesis (Fig. 2.8). The results of each approach agreed with one another 
to the extent that sudden increase of light intensity produced H2O2 in a manner that is sensitive to 
CO2 concentration. In practice, applying e-Photosynthesis to model the flux of H2O2 through the 
WWC affords a level of precision not available otherwise, while the field results test the most 
readily-observable predictions of the in silico model. 
The in silico sensitivity of the putative H2O2 signal to atmospheric CO2 remained robust 
when e-Photosynthesis was parameterized with low oxygen and a more extreme dark-to-bright 
transition (Fig. 2.4). In each simulation, predicted stromal concentration of H2O2 reached 
equilibrium at the same respective levels under bright light, following an ~80 second interval of 
oscillation. Interestingly, the magnitude of an initial burst of H2O2 formed and quenched within 
the first second of exposure to bright light increased considerably when the transition from dark-
to-bright was modified to be more extreme (Fig. 2.4C). The predicted maximum concentration of 
H2O2 attained during this initial spike was not sensitive to CO2 level. That the initial spike of 
H2O2 was quenched virtually immediately is not surprising, as chloroplasts contain milliMolar 
concentrations of ascorbate with which to quench ROS (Driever and Baker, 2011). At the same 
time, that the initial spike of H2O2 can temporarily reach relatively high concentrations may 
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explain how some authors (i.e. Exposito-Rodriguez et al., 2017) have observed H2O2 crossing 
chloroplast membranes. This analysis calls into question which portion of the H2O2 output 
following exposure to bright light would function as a signal: The initial spike of H2O2, the 
interval of oscillations, the steady-state concentration of stromal H2O2, or, perhaps, all three 
aspects. However, considering that endogenous SA concentrations in plant tissue respond to 
elevated CO2, the analysis implies that the steady-state concentration of H2O2 should be the 
salient factor linking photosynthesis with plant chemical defense.     
Elevated atmospheric CO2 altered how soybean leaves responded to sudden variation in 
light intensity. At soyFACE, moving cloud cover introduced stochasticity to light intensity on a 
daily basis (Supplemental Fig. 2.2). Consistent with e-Photosynthesis predictions (Fig. 2.3), 
ΦPSII was increased in soybean grown under elevated CO2 when exposed to bright light (Fig. 
2.5), while NPQ induction during sudden increases of light was mildly suppressed in soybean 
leaves grown under elevated CO2 relative to control (Fig. 2.5; Fig. 2.7). The observation that 
ΦPSII during sudden exposure to bright sunlight was increased under elevated CO2 relative to 
ambient CO2 (Fig. 2.5) agrees with previous season-long measurements at soyFACE, where 
electron transport rate in soybean leaves on average is increased by 9% under elevated CO2 
relative to ambient CO2 (Bernacchi et al., 2006). That CO2 alters how the photosynthetic 
apparatus responds to light also is evident in physical rearrangement of chloroplast fine-
structure; Growth under elevated CO2 increases the proportion of surface area of unappressed to 
appressed regions of thylakoid membranes in chloroplasts collected from FACE experiments 
(Griffin et al., 2001).  
 Elevated CO2 mildly increased the amount of H2O2 formed in the WWC in leaves of 
soybean during dark-to-bright transitions. When leaves of soybean were transitioned from dark 
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to bright light under elevated CO2, they had more EEE than did leaves measured under ambient 
CO2 (Fig. 2.8). While the amount of H2O2 produced in response to dark-to-bright transitions 
sufficed to cause a visible browning of vascular structures in DAB-stained leaves, there was no 
obvious phenotypic difference between leaves that had been exposed to sudden increase in bright 
light under either ambient or elevated CO2 (Supplemental Fig. 2.3). That EEE from such dark-to-
bright transitions would likely be quenched through formation of H2O2 in the WWC provides 
empirical support for the increase in H2O2 calculated by e-Photosynthesis (Fig. 2.3). Meanwhile, 
the amount of H2O2 produced by the WWC during sudden dark-to-bright light intensity 
transitions predicted by e-Photosynthesis (Fig. 2.3) also affirms previous studies accounting the 
activity of the WWC at less than 10% of electron transport flow (i.e. Badger et al., 2000; Ruuska 
et al., 2000; Driever and Baker, 2011). This also agrees with current estimates placing H2O2 
concentrations in chloroplasts at less than 0.1 mM (Noctor and Foyer, 2016). Thus, although 
concentration of atmospheric CO2 alters how photosynthesis responds to light fluctuation, our 
field results argue that the associated formation of H2O2 does not occur on scale with appreciable 
oxidative stress.   
 That the proportion of H2O2 generated by photosynthesis varies with CO2 supply may be 
significant to retrograde signaling from chloroplast to nucleus. Formation of H2O2 in the 
chloroplast influences expression of nuclear genes (Karpinski et al., 1997; 1999); this would 
suggest that by increasing the size of the stimulus, downstream expression of genes would differ 
as well. In a recent model for retrograde signaling proposed by Vogel et al. (2014), pulses of 
H2O2 generated by photosynthesis alter streams of metabolites emanating from chloroplasts, thus 
relaying the initial ROS signal to MAP kinases. One possibility is that a triose phosphate 
transporter crossing the outer membrane of chloroplasts triggers map kinase 6 signaling (Vogel 
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et al., 2014), for instance, while intracellular transport of antioxidant compounds such as 
ascorbate or glutathione could also relay an ROS burst (Noctor and Foyer, 2016). In all signaling 
scenarios, reason suggests that for such signals to operate on a level that is specific to sub-
cellular compartments, baseline concentrations as well as fluctuations of ROS would have to be 
maintained at concentrations low enough for signals to be distinguishable (Møller and 
Sweetlove, 2010). With special regard to regulation of SA-related defense, MAP kinases 3, 4 and 
6 (Genot et al., 2017; Petersen et al., 2004; Beckers et al., 2009) have emerged as key signaling 
channels that modulate activity of the NPR complex of proteins responsible for perceiving SA 
concentration in the cytosol (Seyfferth and Tsuda, 2014).  
That elevated CO2 induces SA biosynthesis in soybean (Casteel et al., 2010) is consistent 
with the hypothesis that H2O2 generated in the WWC functions in retrograde signaling. Even 
when measurement of foliar SA in soybean leaves expanded upon previous measurements to 
include developmental stages and variation in temperature, elevated CO2 was the main driving 
driver of increased foliar concentration of SA at mid-season (Fig. 2.9). That formation of H2O2 in 
plant tissue induces biosynthesis of SA is well-documented (Leon et al., 1995; Rao et al., 1997; 
Mateo et al., 2006); that MAP kinases 3, 4 and 6 modulate biosynthesis of SA also is known 
(Genot et al., 2017; Petersen et al., 2004; Beckers et al., 2009). Given the information that rising 
CO2 amplifies formation of H2O2 by photosynthesis, a plausible signaling mechanism emerges in 
which sudden change in redox environment within the chloroplast triggers MAP kinase signaling 
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Supplemental Table 2.1. ANOVA results for measurement of foliar SA concentration in leaves 
of soybean collected from soyFACE.  
  
 Df Sum Sq Mean Sq F value P value 
CO2 1 0.017 .017 1.549 .224 
Temperature 1 0.016 .016 1.452 .239 
CO2 x Temperature 1 0.048 .048 4.448 .044 




Figure 2.1. Conceptual model for the causal connections between elevated CO2 and plant 
expression of chemical defense. Triangles and inverted triangles represent increases or decreases, 
respectively, of processes or pools of metabolites. Green boxes denote calculations or 
measurements experimentally addressed in this study. Blue boxes indicate the relationships 
among metabolites and processes established in the literature. By increasing Calvin Cycle 
activity and suppressing photorespiration, rising CO2 alters metabolic demand for ATP and 
NADPH. Adjustment to this energetic demand could decrease ΔpH between chloroplast stroma 
and thylakoid lumen and thus relax induction of NPQ, particularly under conditions of excess 
light. With less dissipation of excess excitation energy as heat through NPQ, surplus energy 
might instead be diverted to oxygen in the Water-Water cycle, thus forming the basis for a 
retrograde signal transduced through mapk signal transduction. This scheme assumes that 







Figure 2.2: Simplified diagram of the thylakoid reactions of the e-Photosynthesis model, 
outlining the hypothetical tradeoff between heat dissipation (NPQ) and production of H2O2 in 
chloroplast stroma. As atmospheric CO2 increases, net metabolic demand for ATP declines; the 
PETC adjusts to this demand by decreasing cyclic electron flow, which relaxes ΔpH between 
chloroplast lumen and stroma. When the PETC encounters perturbation from dynamic light, this 
energetic adjustment results in relaxation of NPQ induction accompanied by increased 
production of H2O2. Solid arrows in red represent energy respectively entering and exiting the 
PETC as PAR and heat. Dashed arrows in red represent electron flow through the PETC. Solid 
arrows in black represent the redox reactions of the WWC. Dashed arrows in black represent 





Figure 2.3. Simultaneous calculation of ΔpH, heat dissipation, H2O2 production and ΦPSII 
following sudden increase of light intensity under ambient (Ci = 290, blue circles) and elevated 
(Ci = 490, black circles) CO2
 using the e-Photosynthesis model. Shading in background of graph 
represents transition from dark (100 PPFD) to bright (1000 PPFD) light conditions. The 
simulation is calculated over a 300 second period, with dark-to-bright transition occurring at 150 
seconds. Prior to sudden increase in light, circles for ambient and elevated CO2 largely overlap. 
Calculated values are for typical a C3 leaf mesophyll cell. The ΔpH between stroma and lumen is 
displayed as the log [H+] of stroma divided by lumen, which represents the extent to which the 




Figure 2.4. Sensitivity analysis of e-Photosynthesis in silico simulation of C3 chloroplast 
stromal concentration of H2O2 during dark-to-bright light transitions, under both ambient and 
elevated CO2. The simulation was repeated under different combinations of environmental 
conditions, at either A. Ambient (21%) Atmospheric Oxygen B. Low (2%) Atmospheric Oxygen 
or C. An extreme transition from very dark-to-bright light. Simulations performed under low 
(280 Ci) and elevated (490 Ci) CO2 are represented as blue or black lines, respectively. Shading 
in background of graph represents transition from dark (100 PPFD) to bright (1000 PPFD) light 
conditions in plots A and B; in plot C, the transition is from only 10 PPFD to bright (1000 
PPFD). Rectangles graphically connected via diagonal line partition each plot into a ‘fore’ and 
‘background’; plots in foreground indicate a data subset focusing on the oscillation of stromal 
H2O2 immediately following exposure to bright light; plots in background capture the maximum 
concentration of H2O2. Black arrows indicate maximum concentrations reached during a single 





Figure 2.5. Chlorophyll fluorescence measurements of soybean subjected to sudden increases in 
light intensity. Nonphotochemical quenching (NPQ) was measured at night. For measurement of 
PSII, plants were covered with 90% shade cloth up to time 0, and then were exposed to full sun 
conditions thereafter (PPFD ~1200 mol m-2 s-1). Blue and black circles represent mean values 
for measurements made under ambient and elevated CO2, respectively. Error bars represent the 
standard error of the mean. For NPQ measurements error bars were smaller than the symbols. 
Brackets indicate data that were analyzed via repeat measures ANOVA, while asterisks denotes 






Figure 2.6. Gas exchange measurements of soybean canopy leaves subjected to stepwise 
increases in light intensity. Blue circles indicate mean values collected under ambient CO2 (~400 
ppm), black circles indicate means measured under elevated CO2 (~550 ppm). Error bars 
indicating standard error of the mean are smaller than the circles. Background shading in graph 
corresponds to light levels increasing from 0 to 50 to 1500 PPFD. The bracket indicates data that 
were analyzed via repeated measures ANOVA, while the asterisk denotes a statistically 






Figure 2.7. Simultaneous measurement of carbon assimilation, A, sub-stomatal CO2 
concentration, Ci, nonphotochemical quenching, NPQ, and electron transport rate, J, kinetics in 
canopy leaves of soybean under ambient and elevated CO2. Blue circles indicate leaves grown 
and measured under ambient CO2 (~400 ppm), black circles indicate leaves grown and measured 
under elevated CO2 (~550 ppm). Error bars represent the standard error of the mean. Background 
shading in graph corresponds to light levels increasing from 0 to 50 to 1200 to 400 to 1200 
PPFD. Brackets indicate data that were analyzed via repeat measures ANOVA, while asterisks 





Figure 2.8. Comparison of electron transport rates measured by fluorescence, Jf, with calculated 
rate of electron transport, Jg, based on the integrated measurements of photosynthetic parameters 
reported in figure 6. This theoretical rate of electron transport, Jg, is calculated from a derivation 
of the Farquhar-Berry-von Caemmerer model of photosynthesis. Blue lines indicate leaves 
grown and measured under ambient CO2 (~400 ppm), black lines indicate leaves grown and 
measured under elevated CO2 (~550 ppm). Solid lines represent Jf while dashed lines represent 
Jg. Pink regions indicate approximation of excess excitation energy (EEE) between 300 and 1500 
seconds, based on the difference between Jf and Jg. Black arrows highlight differences in Jg 






Figure 2.9. Measurement of foliar salicylic acid concentration in soybean grown under a 2x2 
factorial combination of CO2 (ambient = 400ppm, elevated = 550ppm) and temperature 
concentrations (ambient = +0°C and elevated = +3.5°C), during the vegetative (V3), flowering 
(R1) and fruiting (R5) stages of plant development. Bars indicate mean SA concentration while 
error terms represent standard error. During the flowering stage of development, there is a 







Supplemental Figure 2.1. Determination of day-respiration (Rd) and photosynthetic 
compensation point (Γ*) from A-Ci response curves at variable levels of low light intensity. Blue 
and black circles represent canopy leaves of soybean grown and measured at ambient CO2 (400 
ppm) and elevated CO2 (550 ppm), respectively. There are no error terms as each circle 
represents a single measurement. That light level at which each series of measurements was 





Supplemental Figure 2.2. Natural variation in light intensity at the soyFACE field site over a 






Supplemental Figure 2.3. Visualization of light-induced H2O2 production in soybean canopy 
leaves grown under ambient and elevated CO2. Canopy leaves were covered in shade cloth at 
night, exposed to full afternoon sun the following day, then vacuum-infiltrated with solution of 
DAB stain to form a brown precipitate with H2O2 (N = 4). Leaves were cleared of chlorophyll in 
boiling 95% ethanol and examined under a stereomicroscope. Images are at 7x magnification and 
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PHOTOSYNTHETIC INTERACTION BETWEEN ELEVATED CO2 AND LIGHT 
ENVIRONMENT ADJUSTS ARABIDOPSIS THALIANA (L.) CHEMICAL DEFENSE 
AGAINST LARVAL CABBAGE LOOPER, TRICHOPLUSIA NI (HÜBNER) 
 
ABSTRACT 
Elevated CO2 alters C3 plant tolerance to insect herbivory, as well as the induction 
kinetics of defense hormones salicylic acid (SA) and jasmonic acid (JA), but the underlying 
physiological mechanism causing this effect is not well understood. In principle, SA could be 
induced under elevated CO2 by reactive oxygen signals generated in photosynthesis, ultimately 
influencing chemical defense. To test whether the effects of elevated CO2 on C3 plant chemical 
defense against herbivorous insects is modulated by photosynthesis, Arabidopsis thaliana var. 
Col-0 plants were grown in a 2x2 factorial combination of ambient (400 ppm) and elevated (800 
ppm) CO2, and two differentiations of light regimes of either ‘typical’ (150 mol M m-2 s-1) vs. 
‘low’ light (75 mol E m-2 s-1) or ‘typical’ (150 mol M m-2 s-1) vs. ‘dynamic’ (in which lights 
were turned off, then on, for 15 minutes every 2 hours). Plants were challenged with herbivory 
from third instar cabbage loopers, Trichoplusia ni. Consistent with experimental predictions, 
elevated CO2 interacted with light as well as herbivory to induce foliar concentration of SA, 
while JA was suppressed. Under dynamic light, foliar content of total glucosinolates was 
reduced. Under combination of elevated CO2 and dynamic light, T. ni removed significantly 
more leaf tissue relative to control. The observations that CO2 and light interactively modulate 
defense against T. ni in Arabidopsis provide an empirical argument for a putative role of 




Global change alters how C3 plants and insects interact with one another (DeLucia et al., 
2012). Of special import to the function of terrestrial ecosystems is that elevated CO2 modulates 
how plants express chemical defense in response to insect herbivory (Zavala et al., 2013; Zavala 
et al., 2016; Trebicki et al., 2017). The basis for this change in secondary metabolism tracks 
upstream into C3 plant physiology, insofar that elevated CO2 influences the induction kinetics of 
the defense hormones salicylic and jasmonic acid (JA; Casteel, 2010). Current investigation on 
this front indicates that CO2 suppresses the induction of JA by upregulating SA in plants (Zhang 
et al., 2015), and that this increase in SA is symptomatic of change in the oxidative environment 
of foliar tissue (Mhamdi and Noctor, 2016). However, the mechanisms upstream of this change 
in kinetics of defense hormones remain uncertain. One recent review posits that rising CO2 
influences redox conditions by disproportionately altering metabolite fluxes throughout plant 
cells, or by increasing ROS efflux from membrane-bound NADPH oxidases (Noctor and 
Mhamdi, 2017). An alternative hypothesis suggests that the interaction between elevated CO2 
and the light reactions of photosynthesis could account for a latent source of reactive oxygen 
species (ROS) in the chloroplast (Fig. 2.1; Gog et al., 2017).        
Elevated CO2 raises endogenous concentration of the hormone salicylic acid (SA) in C3 
plant foliar tissue, an effect that can give rise to novel phenotypes of chemical defense (Noctor 
and Mhamdi, 2017). The induction of SA by elevated CO2 in mouse-ear cress, Arabidopsis 
thaliana, is redox-dependent (Mhamdi and Noctor, 2016). More generally, SA is understood as 
an essential component of the cellular redox metabolism (Leon et al., 1995; Mateo et al., 2006). 
Accordingly, when foliar concentration of H2O2 is increased by reducing antioxidant capacity in 
ascorbate-deficient mutants (VTC1) of Arabidopsis, SA biosynthesis is induced (Mukherjee et 
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al., 2010). At the same time, induction of SA typically suppresses foliar biosynthesis of jasmonic 
acid (JA) in response to wounding (Thaler et al., 2012). This antagonism between defense 
hormones SA and JA can account for unique profiles of secondary metabolites in C3 plants 
grown under elevated CO2 (Zhang et al., 2015).  For example, when endogenous defense of 
soybean grown under elevated CO2 are chemically induced, foliar biosynthesis of cysteine-
protease inhibitors lags behind relative to those of soybean grown under ambient CO2 (Zavala et 
al., 2008). Similarly, caterpillar herbivory Arabidopsis interacts with elevated CO2 to produce 
environment-specific profiles of glucosinolates in foliar tissue (Bidart-Bouzat et al., 2005). 
Separate from the environmental effects of elevated CO2 on SA, light also has an 
influence on foliar SA content in Arabidopsis. There are two well-described bases for this effect: 
1. through perception of shade, or low ratio of red to far-red light, via cryptochromes (de Wit et 
al., 2013; Moreno and Ballaré, 2014, for review see Ballaré, 2014) or 2. through photosynthetic 
production of ROS during high light stress or dark-to-bright transitions (Karpiński et al., 1999; 
Karpinski et al., 2003). The signal transduction pathway in response to high-light originates in 
ROS produced by photosynthesis (Karpiński et al., 1999) and can be transduced through the 
activity of MAP kinases (Vogel et al., 2014) or through antioxidant signaling (Szechyńska-
Hebda and Karpiński, 2013; Foyer and Noctor, 2011). Recent work demonstrates that 
chloroplasts also respond to high-light exposure by passing H2O2 directly across the nuclear 
membrane, where it regulates gene transcription (Exposito-Rodriguez et al., 2017). Considering 
that receptor-mediated perception of light is, at least in principle, insensitive to CO2 
concentration, one might expect phytochrome-mediated-induction of SA to differentiate itself 
from photosynthesis-mediation of SA, depending on whether the regulation of defense 
interactively responds to combination of elevated CO2 and fluctuating light conditions. However, 
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published research on interactive effects between variable CO2 and dynamic light are still rare on 
any aspect of plant physiology (but see Leakey et al., 2002; Kaiser et al., 2017).      
One point of interaction between atmospheric CO2 and C3 plant chemical defense may 
originate in the light reactions of photosynthesis. The transfer of energy through the 
photosynthetic electron transport chain can give rise to reactive oxygen species (ROS; Asada 
1999; Ort and Baker, 2002), which increase when chloroplasts are exposed to high-light (Fryer et 
al. 2003), or when the electron transport chain is disrupted through effectors produced by 
pathogens (Torres-Zabala et al., 2015). Such bursts of ROS in the chloroplast are integral to the 
defense response of plants to pathogens (Torres-Zabala et al., 2015). Recent modeling and field 
tests suggest that such fluxes of H2O2 by photosynthesis should increase in magnitude with rising 
CO2 (Fig. 3.1; Gog 2018). This effect is linked to a relaxation in the induction of non-
photochemical quenching (NPQ) under elevated CO2 (Gog, 2018; Kanazawa and Kramer, 2004). 
Accordingly, under conditions of fluctuating irradiance, npq-4 mutants of Arabidopsis with 
relaxed NPQ kinetics produce distinct profiles of secondary metabolites (Frenkel et al., 2009) 
and lower seed count (Külheim et al., 2002) relative to their wild-type experimental counterparts. 
Though the underlying physiological reasons remain unclear, the overall pattern of evidence 
indicates that the light-reactions of photosynthesis influence plant tolerance to biotic stress (For 
review see Demmig-Adams et al., 2014).   
The objective of this research was to determine if the effects of elevated CO2 on C3 plant 
chemical defense are modulated by light environment. In particular, if light signals originating in 
photosynthesis are transduced through antioxidant metabolism to affect chemical defense, 
available knowledge suggests that C3 plants should become progressively more vulnerable to 
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insect herbivory with changes environmental factors, from ambient to elevated CO2, and from 
continuous to dynamic light.  
 
MATERIALS AND METHODS 
Cultivation of Arabidopsis 
Seeds of Arabidosis thaliana, ecotype Columbia-0 (wild type) as well as the knockout 
mutant VTC1-1 were obtained from the Arabidopsis Biological Resource Center (accession 
code: CS8326, ABRC; OH, USA). All seeds were plate-germinated on standard Murashige and 
Skoog (MS) growth medium under 16/10 hour light/dark diurnal cycles. When seedlings had 
produced four leaves, they were transplanted to sterile potting soil (Sunshine Professional Peat-
Lite Mix LC1, SunGro Horticulture, Canada) and transferred to growth chambers 
(Environmental Growth Chambers, Chagrin Falls, OH, USA). Experimental growth conditions 
were initiated following one week of acclimation in the growth chamber environment.   
 
Insect Herbivory Assays  
The larvae of cabbage loopers, Trichoplusia ni (Hübner), a generalist pest of a variety of 
forbs, including Arabidopsis, was commercially obtained from Benzon Research Inc. (PA, USA) 
in compliance with regulations of a USDA-APHIS PPQ 526 shipping permit issued to the 
authors. To synchronize T. ni development with host-plant development, Benzon Research 
maintained a cohort of T. ni at third instar to be shipped at the onset of bolting in Arabidopsis 
Col-0. At this time, caterpillars were shipped overnight on wheat germ diet (Benzon Research), 
then starved for two hours prior to pairing with plants. Individual caterpillars were placed on 
each of four individual Arabidopsis cultivars in each environmental treatment. In the typical vs. 
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low light experiment, pairings amounted to 64 insect herbivory assays. In the dynamic vs. low 
light experiment, there were 32 total herbivory assays on Arabidopsis Col-0 and 32 total 
herbivory assays on Arabidopsis VTC1-1. In both experiments, caterpillars fed for four hours.     
   
Typical vs. Low Light Experiment  
To test whether light intensity influences how elevated CO2 induces salicylic acid in C3 
plant tissue, Arabidopsis var. Col-0 was cultivated under variable conditions of light and CO2 
concentration. The experiment comprised a 2 x 2 x 2 factorial treatment of ambient versus 
elevated CO2, low versus high light and the presence or absence of herbivory from third instar 
caterpillars of T. ni, for a total of eight unique experimental treatments. Each treatment plot was 
repeated four times, for a total of 16 experimental plots distributed into eight environmentally 
controlled growth cabinets (Conviron, Canada).  
 Each cabinet was programmed for long-day diurnal cycles (16 hours light/8 hours dark) 
at 21 °C during the day and 19 °C during the night and 60% humidity throughout. Light levels 
were maintained at 150 PPFD. Four growth chambers were maintained at ambient CO2 (400 
ppm) while four were maintained at elevated CO2 (800 ppm); CO2 levels were automatically 
measured every few minutes via infra-red gas analyzer (SBA4, PP Systems, Amesbury, MA, 
USA). To subdivide growth chambers into ‘typical’ (150 mol E m-2 s-1) and ‘low’ light (75 
mol E m-2 s-1) conditions, shade structures composed of PVC pipe and white nylon mesh were 
introduced. Light intensity in each chamber was measured via light meter (LI-250, Li-Cor, 
Lincoln, NE, USA).  
 At the onset of bolting, 35 days after germination, four Arabidopsis plants were removed 
from each experimental plot, immediately flash-frozen in liquid nitrogen and stored at -80° C 
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until biochemical analysis. At the same time, four T. ni caterpillars were placed on each of four 
additional plants from each of the 16 experimental plots for a total of 64 herbivory assays. 
Caterpillars fed for four hours before removal. Plants were flash-frozen under liquid nitrogen two 
hours following the conclusion of insect herbivory.    
 
Typical vs. Dynamic Light Experiment  
To test whether dynamic light conditions influences how elevated CO2 induces salicylic 
acid in C3 plant tissue, the low versus high light experiment was repeated with modification. In 
this follow-up experiment, the low light experimental treatment was replaced with ‘dynamic’ 
light, in which growth cabinet lights were instantaneously turned off for fifteen minutes once 
every two hours, for a total of eight intervals of darkness per daily light cycle. The dynamic light 
program was initiated after 28 days of growth, one week before the experiment was harvested for 
analysis. This treatment was intended to simulate intermittent periods of darkness followed by 
sudden transition to typical light, as might occur during passing cloud cover or moving forest 
canopy under natural conditions. Although light intensity did not differ from the ‘typical’ light 
treatment, the periods of darkness associated with the dynamic light treatment reduced total daily 
photon flux density by 12.5%.  
Because the induction of SA by elevated CO2 is activated through a redox-dependent 
mechanism (Mhamdi and Noctor, 2016), ascorbate-deficient mutants of Arabidopsis (VTC1) 
were included in the experiment to provide a comparison against plant tissue that is deficient in 
antioxidant capacity. These VTC1-1 mutants of Arabidopsis encode an alteration to the enzyme 
GDP-mannose pyrophosphorylase, a key intermediate in the biosynthetic pathway for ascorbic 
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acid, or vitamin C, in higher plants; VTC1-1 thus produces approximately 70 to 75% less 
ascorbic acid relative to wild-type Arabidopsis (Conklin et al., 1999).   
 
Measurement of Surface Area, Insect Herbivory and Biomass 
To measure total exposed surface area as well as the amount of leaf tissue removed by T. 
ni caterpillars in the typical vs. dynamic light experiment, images of individual plants were 
collected immediately before and after insect herbivory trials with a digital camera (Coolpix 990, 
Nikon Corporation, Tokyo, Japan). Digital images of each plant were analyzed with Image-J 
(Rasband, W.S., 1997-2016). To aid in image analysis, white paper underlays were inserted 
between plant rosettes and soil layer before beginning herbivory assays. Each image was 
calibrated according to a standard scale printed on each plant underlay. Total exposed surface 
area was measured as the 2-dimensional surface bound by the silhouette of Arabidopsis rosettes. 
To facilitate this image analysis, Arabidopsis had been cultivated deliberately under a long-day 
diurnal cycle, such that overlap between individual leaves was minimized and that leaves 
extended flat along the soil level. The area of leaf tissue lost to herbivory was determined as the 
area formed by the outlines of tissue removed following the insect assay. To measure total 
rosette biomass, frozen tissue was ground into a fine powder under liquid nitrogen and weighed.     
   
Measurement of Chlorophyll Fluorescence 
To confirm that elevated CO2 interacted with electron transport, chlorophyll fluorescence 
was measured via portable fluorometer (PAM-2100; Heinz Walz GmbH, Germany). 
Measurements were performed on the 28th day of growth, shortly before chambers were 
subdivided into respective ‘typical’ and ‘dynamic’ light treatments, on fully dark-adapted plants, 
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between one and two hours after beginning of the diurnal dark-phase. Four plants each from 
ambient and elevated CO2 growth environments were measured, for a total sample size of eight.  
NPQ was calculated from measurements of Fo and Fs following Murchie and Lawson (2013).     
  
Measurement of Phyto-Hormones 
To quantify endogenous concentration of defense hormones salicylic and jasmonic acid, 
crude extracts were prepared from 50 mg of plant tissue from individual samples, following Pan 
et al. (2010) and analyzed via liquid-chromatograph mass spectrometer (2010 EV; Shimadzu, 
Columbia, MD, USA). Each extract was spiked with a stable isotope solution containing 50 ng of 
d4-SA standard, as well as 50 ng d6-JA standard for samples obtained from the typical vs. 
dynamic light experiment. Sample extracts were injected into a 30% to 100% linear gradient 
composed of MeOH and H2O mobile solvent phase. A 150 x 2.00 mm, 5 micron C18 column 
(Gemini; Phenomenex, Torrance, CA, USA) was used to separate hormones. Quantification of 
foliar SA was determined by measuring its ionization peak against that of its corresponding 
isotope standard. 
 
Measurement of Total Glucosinolate Content 
To measure total glucosinolate content in foliar tissue, crude methanol extracts were 
prepared following Mawlong et al. (2017) and measured via spectroscopy. Ground and powdered 
plant tissue from each experimental treatment was pooled and measured into 80-mg samples, 
then suspended in 80% MeOH overnight. A 2mM solution of sodium tetrachloropalladate 
(Na2PdCl4) was added to each extract, thus binding to glucosinolates. The absorbance of each 
sample was measured with a spectrophotometer (Agilent 8453, Agilent Technologies, Santa 
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Clara, CA, USA) at 425 nm. Following Mawlong et al. (2016), the absorbance was calculated as 
the total glucosinolate concentration according to y = 1.40 + 118.86 × A425.     
 
Statistical Analyses 
For the purposes of statistical analysis, individual plants were treated as units of 
replication. All statistical analyses were performed in R (version 3.2.3, R foundation for 
statistical computing). Differences in means between treatment groups were analyzed by 
Kruskal-Wallis test. To separate rank-sum means via Conover posthoc analysis, the PCMCR 
(Pohlert, 2016) statistical package was loaded to R. Analyses of variance (ANOVA) were 
performed to resolve individual influence and interaction between the factors of CO2, light 
regime and the presence or absence of herbivory.    
 
RESULTS 
 To test for the effects of differing light intensity, CO2 level and the presence or absence of 
insect herbivory on endogenous concentration of foliar SA (Fig. 3.2), Arabidopsis Col-0 was 
grown under four unique environmental treatments (typical or low light by ambient or elevated 
CO2), then challenged with 4 hours of herbivory from T.ni. Overall, SA concentrations were 
significantly higher under elevated CO2 relative to ambient CO2 (Table 3.1; ANOVA, p < 0.001), 
although the most apparent increase in SA under elevated CO2 occurred in plants challenged by 
herbivory, resulting in a strong statistical interaction between CO2 and herbivory (Fig. 3.2; Table 
3.1; ANOVA, p < 0.001). While SA levels in plants challenged by herbivory under ambient CO2 
ranged between 0.15 and 0.4 µg · g FW, herbivory under elevated CO2 increased this range to 
0.2 to 0.9 µg · g FW. At the same time, basal SA levels in plants grown under low light was 
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significantly lower than basal SA levels grown under typical light conditions, regardless of CO2 
environment (Fig. 3.2; Table 3.1; ANOVA, p = 0.029). Under low light conditions, basal SA 
levels ranged from 0.16 to 0.24 µg · g FW while under typical light conditions basal SA levels 
this range increased from 0.16 to 0.4 µg · g FW. The only environmental interaction that did not 
resolve in a statistically significant influence on endogenous SA concentration was interaction 
between CO2 and light (Table 3.1; ANOVA, p = 0.747). 
To test for interaction between steady or fluctuating light intensity, CO2 level on 
endogenous concentrations of SA and JA, Arabidopsis Col-0 as well as the mutant VTC1-1 were 
grown under four unique environmental treatments (typical or low light by ambient or elevated 
CO2), then challenged with 4 hours of herbivory from T. ni. Under combination of elevated CO2 
and typical light, herbivory induced SA relative to baseline levels under elevated CO2 and 
dynamic light (Fig. 3.3; Kruskal-Wallis, p = 0.084). At the same time, there was no 
corresponding induction of SA under combination of elevated CO2 and dynamic light, 
statistically detectable as a significant interaction between CO2 and light environment (Table 3.2, 
ANOVA, p = 0.055) as well as interaction between light  and herbivory (Table 3.2, ANOVA, p = 
0.0136). While SA levels in plants that were challenged by T. ni and grown under combination 
of elevated CO2 and typical light ranged between 0.2 and 1.2 µg · g FW, foliar concentrations 
measured in all other experimental treatments ranged between 0.1 and 0.5 µg · g FW. Under 
combination of elevated CO2 and typical light, herbivory significantly suppressed JA under 
elevated CO2 and typical light conditions (Table 3.3; ANOVA, p = 0.068) relative to all other 
experimental treatments. While basal JA levels in plants grown under combination of elevated 
CO2 and typical light ranged between 1 and 9 µg · g FW, foliar concentrations measured in all 
other experimental treatments ranged between 1 and 4 µg · g FW. No statistically significant 
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differences were detected in the foliar concentration of either SA or JA in VTC mutants 
(Kruskal-Wallis, p = 0.63 and p = 0.64, respectively, data not shown), however as a group VTC 
mutants contained significantly more SA (ANOVA, p < 0.001) and JA (ANOVA, p = 0.003) 
than the WT treatment. SA levels in VTC mutants ranged between 0.3 and 2.0 µg · g FW, while 
JA levels ranged between 2 and 22 µg · g FW. 
 To test for interacting influence of variable CO2 and light environment on defense 
characteristics of Arabidopsis, total content of foliar glucosinolates was as well as leaf surface 
area removed by T. ni was measured following herbivory assays. Foliar content of total 
glucosinolates was reduced under dynamic light relative to typical light, under both ambient and 
elevated CO2 (Fig. 3.4; Kruskal-Wallis, Conover post-hoc, p < 0.1). While foliar concentration of 
total glucosinolates ranged between 11 and 13 µg · g FW under typical light conditions, content 
under dynamic light was reduced to range from 8 to 11 µg · g FW. Meanwhile, in four hours of 
herbivory, Trichoplusia ni removed significantly more tissue from plants grown under 
combination of elevated CO2 and dynamic light relative to plants grown under ambient CO2 and 
typical light (Fig. 3.4, Kruskal-Wallis, Conover post-hoc, p = 0.048). Leaf tissue area removed 
under combination of elevated CO2   and dynamic light ranged between 0.18 and 0.8 cm
2, while 
tissue removed under combination of ambient CO2 and typical light ranged between 0.05 and 0.3 
cm2.  
 To control for the possible influence of plant growth on chemical defense characteristics 
of Arabidopsis, total rosette surface area as well as rosette fresh weight were measured (Fig. 3.5). 
To estimate rosette tissue density, the individual surface area for each plant was divided by its 
corresponding mass (Fig. 3.5). Rosettes grown under combination of dynamic light and elevated 
CO2 accumulated significantly more biomass than did rosettes grown under typical light 
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conditions in both ambient and elevated CO2 (Kruskal-Wallis, Conover posthoc, p = 0.035). 
While rosette biomass for plants grown under combination of elevated CO2 and dynamic light 
ranged between 200 and 480 mg, rosette biomass in all other treatments ranged between 80 and 
380 mg. There was no statistically detectable difference in total exposed surface area occupied 
by rosettes of plants in each treatment. Total exposed surface area ranged between 4 and 16 cm2 
for all plants measured. When plant tissue density was estimated based on measurements of 
biomass and surface area, plants grown under combination of elevated CO2 and dynamic light 
were significantly denser than plants grown under typical light conditions in both ambient and 
elevated CO2 environments (Kruskal-Wallis, Conover posthoc, p < 0.10). While rosette tissue 
density ranged between 25 and 35 mg ∙ cm-2 under combination of elevated CO2 and dynamic 
light, rosette tissue density grown under all other environments ranged between 15 and 30 mg ∙ 
cm-2.  
To assess the possible influence of growth environment on plant reproductive 
development, the number of fully formed siliques present on each flowering stalk was counted 
immediately following insect herbivory assay. Although all plants in each treatment began to 
bolt within one day of each other, flowering stalks under dynamic light had produced 
significantly more siliques than did flowering stalks under typical light conditions, under both 
ambient and elevated CO2 (Fig. 3.6, ANOVA, p < 0.001). While plants grown under typical light 
produced between 1 and 4 siliques, plants grown under dynamic light produced between 2 and 6 
siliques (Fig. 3.6).    
To test the influence of variable CO2 on Arabidopsis response to sudden increase in light, 
induction of NPQ was measured via chlorophyll fluorometer. When exposed to saturating light, 
NPQ induction in dark-adapted plants was significantly lower in plants grown and measured 
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under elevated CO2 relative to plants grown and measured under ambient CO2 (Fig. 3.7; t-test, p 
< 0.05). While induction of NPQ in plants grown under ambient CO2 stabilized at 1.4 ± 0.3 SE, 
under elevated CO2 NPQ stabilized at 0.7 ± 0.2 SE.   
 
DISCUSSION 
 Results from this study support the hypotheses that growth of Arabidopsis under variable 
CO2 and light conditions differentially influenced the chemical defense characteristics against 
herbivory by Trichoplusia ni. The interactive pattern of this influence is consistent with the 
overarching hypothesis that a photosynthetic process underlies the modulation of chemical 
defense by CO2. Although plant chemical defense can be modulated through alternate 
mechanisms, in particular through light-signaling from receptor-mediate perception of light (de 
Wit et al. 2013; Moreno and Ballaré 2014), no obvious reason exists for such mechanisms to also 
interact with variable CO2. At the same time, not all observations in this study agree with 
specific predictions of the overarching hypothesis (Fig. 3.1). Consequently, although the results 
suffice to determine that photosynthesis is the factor responsible for regulating characteristics of 
defense, the exact signaling mechanisms linking photosynthesis with chemical defense under 
variable CO2 remain uncertain.   
The observation that herbivory by T. ni induced SA biosynthesis under combination of 
elevated CO2 and either typical or low light intensity (Figs. 3.2 and 3.3), but not under dynamic 
light (Fig. 3.3), argues that the causal chain of events leading from insect herbivory to 
biosynthesis to chemical defense passes through the chloroplast. How exactly this herbivory 
interacted with elevated CO2 to cause this unique induction pattern in endogenous SA cannot be 
determined from this study, although the literature suggests at least two mechanisms: 1. 
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induction through cumulative oxidative load or 2. effector-mediated disruption of 
photosynthesis.  
One possible explanation for the observation that insect herbivory interacts with elevated 
CO2 to induce SA biosynthesis (Table 3.1; Table 3.2; Fig. 3.2; Fig. 3.3) is that rising CO2 lowers 
the response threshold of plants to stress stimuli from the environment. For instance, elevated 
CO2 induces SA biosynthesis in Arabidopsis tissue through a pathway that is known to be redox-
dependent (Mhamdi and Noctor, 2016). At the same time, wounding from insect herbivory 
places plant tissue under oxidative stress by activating membrane-bound NADPH oxidases (Bi 
and Felton, 1995). Thus, it is conceivable that herbivory by T. ni induced SA biosynthesis 
through cumulative addition of oxidative stress to an antioxidant system that had been primed 
from growth under elevated CO2. That dynamic light negated the induction of SA by herbivory 
under elevated CO2 (Fig. 3.3) effect is consistent with this scenario by suggesting that giving 
plants periodic intervals of darkness would allow antioxidant pools to recover from the oxidative 
burden incurred under elevated CO2.           
 An alternative explanation for the observation that insect herbivory interacts with 
elevated CO2 to induce SA biosynthesis (Table 3.1; Table 3.2; Fig. 3.2; Fig. 3.3) is that oral 
secretions from T. ni contain molecular effectors which disrupt photosynthesis. Torres-Zabala et 
al. (2015) demonstrate that effectors from Pseudomonas syringae target the photosynthetic 
electron transport, causing a photosynthetic burst of ROS followed by altered expression of 
nuclear-encoded chloroplastic genes. Considering that biotic stress universally downregulates 
genes relating to photosynthesis (Bilgin et al., 2010), this effector-mediate flux of ROS in the 
chloroplast may be a highly conserved feature of plant defense responses. In light of forthcoming 
evidence that disruption of the photosynthetic electron transport chain increases flux of ROS in 
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chloroplast stromata (Gog, 2018), one therefore might also expect effector-mediated disruption 
of photosynthesis induce biosynthesis of SA in a way that is more pronounced as CO2 rises.      
The induction of SA by elevated CO2 is important because it would be expected to 
influence induction kinetics of JA in response to damage associated with insect herbivory. 
Consistent with this prediction, where combination of elevated CO2 and typical light conditions 
induced SA biosynthesis, JA content was also diminished (Fig. 3.4). At the same time, this mild 
reduction of JA was not detected under combination of elevated CO2 and dynamic light (Fig. 
3.4). Thus, the observation that JA is suppressed when SA is induced supports the hypothesis 
that induction of SA by elevated CO2 actively antagonizes JA biosynthesis (Fig. 3.1). While this 
result agrees with research (Zhang et al., 2015) that elevated CO2 alters plant resistance to 
pathogens through antagonism between hormones, to our knowledge it is the first time that the 
tradeoff has been documented in the context of a plant-insect interaction. This suppression of JA 
under elevated CO2 also is consistent with the observation of Bidart-Bouzat et al. (2005) that T. 
ni differentially induces glucosinolates in Arabidopsis grown under elevated CO2. 
Surprisingly, foliar concentrations of both SA and JA in VTC1-1 mutants were 
insensitive to their growth environment. According to initial predictions, restricting the amount 
of ascorbate available in plant tissue would diminish antioxidant capacity, thereby amplifying 
potential ROS signals generated by environmental perturbation. However, in VTC1-1 mutants 
ascorbate is preferentially allocated to chloroplasts over other sections of the cell, resulting in 
ascorbate deficiencies in apoplastic regions (Veljovic-Jovanovic, 2001). That cells prioritize 
allocation of antioxidants to the chloroplast, and that other cellular regions lack antioxidant 
capacity, suggests that antioxidant cycling through plant cells is important to the environmental 
sensitivity of defense hormone induction.  
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Consistent with initial predictions (Fig. 3.1), plant growth under elevated CO2 relaxed the 
induction of NPQ relative to ambient CO2 (Fig. 3.7). This observation is critical as a control to 
the premise of the experiment, because it confirms that elevated CO2 interacts with the 
photosynthetic electron transport chain. Previous calculations (Gog, 2018) directly link this 
relaxation of NPQ in response to saturating light with a concomitant increase in production of 
H2O2. Thus, if there had been no observed effect of elevated CO2 to the induction of NPQ in 
response to saturating light, the argument that photosynthesis could be driving the induction of 
SA would lack conceptual foundation.     
The pattern of defense characteristics observed in Arabidopsis (Fig. 3.4) is consistent 
with the pattern of growth characteristics observed under experimental conditions (Fig. 3.5). 
Elevated CO2 causes C3 plants, including Arabidopsis (Teng et al., 2006), to accumulate starch, 
thus gaining biomass relative to plants grown under ambient CO2. At the same time, dynamic 
light can increase leaf surface relative to plants grown under conditions of continuous light 
exposure (Leakey et al., 2002). Surprisingly, the only statistically significant difference in 
biomass and density among the experimental treatments occurred in Arabidopsis cultivated 
under dynamic light and elevated CO2 (Fig. 3.5); according to previous studies, elevated CO2 
alone would suffice to increase Arabidopsis biomass, relative to plants grown under elevated 
CO2 (Teng et al., 2006).    
The amount of tissue lost to herbivory from T. ni was predicted to increase in plants 
grown under elevated CO2 relative to ambient CO2; this difference would be emphasized in 
plants grown under dynamic light conditions relative to typical light conditions. Consistent with 
this expectation, T. ni caterpillars consumed significantly more tissue from plants grown under 
combination of elevated CO2 and dynamic light, relative to plants grown under ambient CO2 and 
96 
 
typical light (Fig. 3.4). This increase in herbivory corresponds to a decline in foliar 
glucosinolates under dynamic light (Fig. 3.4), as downregulation of chemical defense would be 
expected to increase rate of feeding. At the same time, foliar tissue grown under the same 
treatment of elevated CO2 and dynamic light also increased biomass and estimated leaf density 
(Fig. 3.5). Considering plant growth under ambient CO2 and dynamic light did not significantly 
increase the amount of herbivory relative to ambient CO2 and typical light (Fig. 3.4), it is likely 
that both the decline of foliar concentrations of glucosinolates (Fig. 3.4) as well as the increase in 
biomass (Fig. 3.5) under elevated CO2 and dynamic light drove the increase in herbivory (Fig. 
3.4).  
Surprisingly, growth under dynamic light increased the formation of siliques (Fig. 3.6). 
Silique formation in Arabidopsis responds to a variety of environmental factors (Simpson and 
Dean, 2002), including variable CO2 (Ward and Strain, 1997) and photoperiod (Mockler et al., 
2002). Considering the multitude of factors that influence silique formation, the physiological 
mechanism giving rise to this change in reproductive development cannot be determined from 
this experiment alone. That application of dynamic light increased formation of siliques (Fig. 
3.6) while also decreasing total foliar glucosinolate concentration (Fig. 3.4) suggests a trade-off 
between a phenological characteristic and a defensive characteristic. At a minimum, this 
observation is noteworthy as a clear response to growth under dynamic light. 
In summary, light and CO2 interactively influence Arabidopsis chemical defense against 
cabbage looper T. ni. This supports the hypothesis that the effects of elevated CO2 are 
photosensitive. Within the bounds of the experiment, only the induction kinetics of SA and JA 
can be ascribed to photosynthesis. Downstream of these defense hormones, it is apparent that the 
overall pattern of chemical defense, in terms of tissue lost to herbivory and foliar content of 
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glucosinolates, depends on more physiological factors than photosynthesis alone. Dissecting the 






TABLES AND FIGURES 
 DF Sum Sq Mean Sq F Value p value 
CO2 1 0.3339 0.3339 20.776 <0.001
 
Light 1 0.0790 0.0790 4.916 0.0289 
Herbivory 1 0.1893 0.1893 11.775 <0.001 
CO2 x Light 1 0.0017 0.0017 0.104 0.7478 
CO2 x Herbivory 1 0.2055 0.2055 12.788 <0.001 
Light x Herbivory 1 0.1034 0.1034 6.435 0.012804 
CO2 x Light x 
Herbivory 
1 0.0011 0.0011 0.068 0.794757 
Residuals 96 1.5429 0.0161     
 
Table 3.1. ANOVA of interacting influence between ambient and elevated CO2, low or typical 
light environment, and presence or absence of herbivory from Trichoplusia ni on endogenous 






 DF Sum Sq Mean Sq F Value p value 
CO2 1 0.035 0.0355 0.361 0.5513 
Light 1 0.021 0.0211 0.215 0.6452 
Herbivory 1 0.003 0.0033 0.0333 0.8564 
CO2 x Light 1 0.383 0.3828 3.897 0.0553 
CO2 x Herbivory 1 0.316 0.3158 3.216 0.0802 
Light x Herbivory 1 0.655 0.6553 6.672 0.0136 
CO2 x Light x 
Herbivory 
1 0.002 0.0023 0.024 0.8786 
Residuals 40 3.929 0.0982     
 
Table 3.2. ANOVA of interacting influence between ambient and elevated CO2. Typical or 
dynamic light environment, and presence or absence of herbivory from Trichoplusia ni on 





 DF Sum Sq Mean Sq F Value p value 
CO2 1 7.92 7.918 2.049 0.1601 
Light 1 0.00 0.001 0.000 0.9885 
Herbivory 1 1.12 1.120 0.290 0.5933 
CO2 x Light 1 13.57 13.572 3.511 0.0683 
CO2 x Herbivory 1 7.38 7.385 1.911 0.1746 
Light x Herbivory 1 0.03 0.034 0.009 0.9259 
CO2 x Light x 
Herbivory 
1 5.26 5.258 1.360 0.2504 
Residuals 40 154.62 3.865     
 
Table 3.3. ANOVA of interacting influence between ambient and elevated CO2, typical or 
dynamic light environment, and presence or absence of herbivory from Trichoplusia ni on 







Figure 3.1. Conceptual model for the causal connections between elevated CO2 and plant 
expression of chemical defense. Triangles and inverted triangles represent increases or decreases, 
respectively, of processes or pools of metabolites. Green boxes denote measurements 
experimentally addressed in this study. Blue boxes indicate the relationships among metabolites 
and processes established in previous research. According to this model, light and CO2 
environment interact in the light reactions of photosynthesis which ultimately influence the 
kinetics of defense hormones and thus also chemical defense against biotic agents. Figure is 





Figure 3.2. Effect of variable light intensity, CO2 concentration and caterpillar herbivory on 
endogenous SA concentration. Bold letters represent significant differences between means 
(Kruskal-Wallis, Conover post-hoc, p < 0.5). In the figure legend, cross bar symbols represent 
absence of herbivory, caterpillar symbols represent presence of herbivory, typical light 
conditions represent 150 mol E m-2 s-1 while low light represents 75 mol E m-2 s-1. Black dots 
represent individual data points. Colored boxes represent the interquartile range of the data, 
black bars within boxes represent the median of the data, while whiskers on box plots denote 
minimum and maximum data values. Ambient CO2 was maintained at 400 ppm and elevated CO2 





Figure 3.3. Effect of variable light environment, CO2 concentration, and insect herbivory on 
concentrations of endogenous defense hormones salicylic and jasmonic acid. Bold letters 
represent significant differences between means (Kruskal-Wallis, Conover post-hoc, p < 0.1). 
Black bar represents significant interaction between CO2 and light environment (ANOVA, p = 
0.07). In the figure legend, cross bar symbols represent absence of herbivory, caterpillar symbols 
represent presence of herbivory, typical light conditions represent 150 mol E m-2 s-1 while 
dynamic light represents 15 minute intervals of darkness every 2 hours. Ambient CO2 was 
maintained at 400 ppm and elevated CO2 was maintained at 800 ppm. Black dots represent 
individual data points. Colored boxes represent the interquartile range of the data, black bars 
within boxes represent the median of the data, while whiskers on box plots denote minimum and 







Figure 3.4. Effect of variable light environment and CO2 concentration on defense 
characteristics. For tissue consumed data, bold letters represent significant differences between 
means (Kruskal-Wallis, Conover post-hoc, p < 0.05). For total glucosinolate data, bold letters 
represent significant differences between means (Kruskal-Wallis, Conover post-hoc, p < 0.1). In 
the figure legend, typical light conditions represent 150 mol E m-2 s-1 while dynamic light 
represents 15 minute intervals of darkness every 2 hours. Ambient CO2 was maintained at 400 
ppm and elevated CO2 was maintained at 800 ppm. Black dots represent individual data points. 
Colored boxes represent the interquartile range of the data, black bars within boxes represent the 





Figure 3.5. Effect of variable light environment and CO2 concentration on rosette biomass, 
exposed surface area and leaf tissue density. Bold letters represent significant differences 
between means (Kruskal-Wallis, Conover post-hoc, p < 0.05). In the figure legend, typical light 
conditions represent 150 mol E m-2 s-1 while dynamic light represents 15 minute intervals of 
darkness every 2 hours. Ambient CO2 was maintained at 400 ppm and elevated CO2 was 
maintained at 800 ppm. Black dots represent individual data points. Colored boxes represent the 
interquartile range of the data, black bars within boxes represent the median of the data, while 







Figure 3.6. Effect of variable light environment and CO2 concentration on formation of siliques. 
Bold letters represent significant differences between means (Kruskal-Wallis, Conover post-hoc, 
p < 0.05). In the figure legend, typical light conditions represent 150 mol E m-2 s-1 while 
dynamic light represents 15 minute intervals of darkness every 2 hours. Ambient CO2 was 
maintained at 400 ppm and elevated CO2 was maintained at 800 ppm. Black dots represent 
individual data points. Colored boxes represent the interquartile range of the data, black bars 
within boxes represent the median of the data, while whiskers on box plots denote minimum and 





Figure 3.7. Effect of variable CO2 on non-photochemical quenching (NPQ) measured via 
chlorophyll fluorescence. Dark-adapted plants were exposed to bright actinic light (~1200 mol 
E m-2 s-1) and pulsed with saturating flashes at 40 second intervals. Asterisks represent 
statistically significant differences (N = 4, t-test, p < 0.05) in NPQ between ambient CO2 (400 
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AN EXPERIMENTAL APPROACH TO DISTINGUISHING BETWEEN THE 




Elevated CO2 promotes growth and fecundity of herbivorous insects in part by increasing 
foliar starch content of C3 plants and in part by modulating C3 plant chemical defense. To 
experimentally distinguish between the influence of foliar nutritional quality and the influence of 
chemical defense on insect herbivory, several Arabidopsis thaliana mutants with altered 
carbohydrate metabolism were assayed for their palatability to the specialist herbivore Pieris 
rapae, in terms of foliar surface area consumed within a feeding period 21 hours. Of the four 
starch mutants employed in the assay, the two that do not accumulate starch (ADG1-1 and 
PGM1-2) lost significantly less surface area of leaf tissue to herbivory than wild-type (Col-0) 
while significantly more area was removed from the mutant that over-accumulates starch (SEX1-
1) than from all other experimental treatments. Of the two mutants that under-accumulate starch, 
caterpillars removed significantly more surface area from ADG1-1 than from PGM1-2. The 
differences in leaf area removed from each mutant corroborate previous measurements of foliar 
glucosinolate content in, as well as development of the generalist herbivore Trichoplusia ni on, 
the same genotypes of A. thaliana. Relative to T. ni, however, P. rapae was less sensitive to the 
confounding effects of foliar glucosinolate content, responding mainly to C:N ratio of its diet. 
These results suggest that the influence of elevated CO2 on insect herbivory could be simulated 





 Elevated CO2 alters the nutritional value of C3 plant tissue to herbivorous insects by 
increasing starch content, as well as by altering levels of chemical defense. Plant carbohydrate 
metabolism and its influences on insect herbivory are relatively well understood (Zavala, Nabity 
and DeLucia, 2013). From the perspective of leaf composition, concentrating starch effectively 
dilutes protein content of the leaf, thus raising the ratio of carbon to nitrogen (C:N; Lincoln, 
Fajer and Jonsohn, 1993). This ‘dilution effect’ associated with plant growth under elevated CO2 
obliges insect herbivores to compensate by consuming more plant tissue to meet their nitrogen 
requirements (Lincoln, Fajer and Jonsohn, 1993; Lindroth et al., 2003, Salt et al. 1995, Docherty 
et al. 1996). At the same time, increasing starch content supplies herbivores with ample 
carbohydrates to metabolize for energy (Ladd, 1986). For example, Japanese beetles, Popilia 
japonica, feed faster and are more fecund when supplied with soybean, Glycine max, cultivated 
under elevated CO2 relative to ambient CO2 (O’Neill et al., 2008).  
     Elevated CO2 also influences the regulation and expression of plant chemical defense 
genes (Zavala, Nabity and DeLucia, 2013). Similar in effect, experimental manipulation of starch 
metabolism through genetic alteration may affect the expression of secondary metabolism genes, 
through pleiotropy (Tang, 2007). When cabbage loopers, Trichoplusia ni (Hübner), were reared 
on a selection of starch mutants of Arabidopsis thaliana, consumption of tissue showed some 
response to C:N of leaves, but the relationship was neither linear nor statistically detectable 
(Tang, 2007). Thus, while distinguishing between the effects of variable C:N on herbivory is 
feasible by deploying starch under- and over-accumulating mutants, the influence of plant 
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secondary metabolism requires more experimental control before the model system accurately 
reflects plant-insect interactions in a high-CO2 environment.  
 One possible experimental approach to distinguishing between the effects of plant 
primary and secondary metabolism on insect growth and development might be to incorporate 
both specialist and generalist herbivores in the model system. A similar approach was previously 
employed by Blau et al. (1978), who compared the relative influence of endogenous 
allylgucosinolates on growth rates of a specialist and two generalist species of lepidopterans in 
their larval stages. In that study, growth of the specialist species Pieris rapae, was relatively 
insensitive to concentration of allylglucosinolates in its diet, while growth of the two generalist 
species was more responsive. At the level of insect physiology, while generalist insect herbivores 
tend to respond to toxins in their food source in a uniform manner (Ali and Agrawal, 2012; Gog 
et al., 2014; Govind et al., 2010), the detoxification mechanisms of specialist herbivores are 
comparatively responsive to specific profiles of secondary metabolites (Govind et al., 2010; Ali 
and Agrawal, 2012). In particular, while T. ni is a generalist pest on several plant families, 
including Brassicaceae, including A. thaliana (USDA, 1984), the European cabbageworm Pieris 
rapae (Linneaus) specializes on a narrower range of brassicaceous host plants, which also 
includes A. thaliana (Richards, 1940). Thus, one might expect herbivory from P. rapae to be 
maximally efficient at detoxifying the glucosinolate-based defenses of A. thaliana, providing a 
control for the influence of secondary metabolism on herbivory in the same model system as T. 






MATERIALS AND METHODS 
 To test whether insect herbivory tracks foliar starch concentration, fourth instar P. rapae, 
were paired with individual plants of A. thaliana mutants with alterations to carbohydrate 
metabolism and consumption rates compared across mutants? All mutants were obtained from 
were obtained from the Arabidopsis Biological Resource Center 
 
Plant growth conditions 
 To simulate the effects of varying levels of CO2 on the nutritional quality of leaf tissue, 
three mutants of A. thaliana with alterations in carbohydrate metabolism were cultivated, 
alongside wild-type, Col-0, plants as a control. The mutant ADG1-2 is unable to synthesize 
starch (Lin et al., 1988, Wang et al., 1998). The mutant PGM1-1 also is starchless, as the result 
of a different mutation (Caspar et al., 1985). Finally, SEX1-1 is impaired in its ability to break 
down starch and thus accumulates it (Caspar et al. 1991, Yu et al., 2001, Kötting et al., 2004). 
Wild-type Columbia-0 A. thaliana served as a control to the previous three treatments. A. 
thaliana mutants were plate-germinated on MS medium, then transferred to potting soil 
(Sunshine Professional Peat-Lite Mix LC1, SunGro Horticulture, Canada) when seedlings had 
developed four leaves. To promote vegetative growth, plants were grown under short-day 
conditions of 8-hour periods of light and 16-hour periods of darkness. Temperature was 
maintained at 21°C during the day and 19°C during the night, at 70% humidity.   
 
Insect herbivory assays 
To test for the influence of foliar starch content on insect herbivory, fourth instar P. 
rapae were paired with individual A. thaliana mutants with altered carbohydrate metabolism. P. 
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rapae were obtained commercially (Carolina Biological Products, Burlington, NC, USA) and 
starved for two hour prior to placement on host plants. To aid in measurement of leaf exposed 
surface area, a white underlay with a ruler was placed between each rosette and soil surface. 
Photographs were captured of each plant from directly above using a digital camera (Coolpix 
990, Nikon Corporation, Tokyo, Japan). Individual caterpillars were placed on each of six plants 
of each of the four genotypes, for a total sample size of 24. Caterpillars fed for 21 hours before 
removal from the plants. Immediately following the herbivory assay, each plant was 
photographed from directly above as before.  
 
Image and statistical analysis 
To measure the amount of leaf tissue removed by herbivory, photographs taken before 
the assay were compared to photographs taken after the assay. Both total exposed leaf surface as 
well as the area of tissue removed were measured via image analysis software (Image-J; 
Rasband, W.S., 1997-2016). The data were analyzed via statistical software (R; version 3.2.3, R 
foundation for statistical computing). To test for significant differences in amount of tissue 
removed from each genotype, a Kruskal-Wallis test was applied. To separate means, the 
‘PCMCR’ package (Pohlert, 2016) was loaded to R and a Conover post-hoc test applied.    
 
RESULTS 
Tang (2007) previously observed that the four genotypes of A. thaliana cultivated in this 
study significantly vary in starch as well as glucosinolate content. While ADG1-1 and PGM1-2 
stored virtually no starch, SEX1-3 accumulated approximately four times the amount of starch 
relative to wildtype A. thaliana (Table 4.1). At the same time, while ADG1-1 did not differ 
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significantly from wildtype A. thaliana in glucosinolate profile, quantities of specific 
glucosinolates were significantly diminished by comparison (Table 4.3). Similarly, the profile of 
glucosinolates measured in SEX1-1 reflected a decrease in several compounds relative to 
wildtype A. thaliana (Table 4.3)   
During a 21-hour feeding period, P. rapae caterpillars removed significantly different 
amounts of tissue from each of the four genotypes of A. thaliana in the herbivory assay (Kruskal-
Wallis, p = 0.0038). Significantly more tissue was removed from SEX1-1 than from all other test 
plants (Conover posthoc, p < 0.04), ranging between 4 and 7 cm2. There was no significant 
difference in tissue lost between ADG1-1 and WT (Conover posthoc, p = .756), ranging between 
0 and 5 cm2 for both genotypes. The assay of PGM was distinct from the other three genotypes in 
that several caterpillars left no detectable signs of herbivory (Conover posthoc, p < .05). Thus, 
the distribution of tissue lost from PGM largely remained at 0, with one outlier removing 
approximately 2 cm2.     
 The differential feeding observed by P. rapae on starch mutants (Fig. 4.1) corroborates 
short-term feeding experiments conducted by Tang (2007; Table 4.2b), with one exception. This 
difference between assays extends to the observation that T. ni consumed significantly less 
ADG1-1 relative to WT, while P. rapae did not remove significantly different surface area from 
ADG1-1 relative to WT (Fig. 4.1; Table 4.2).  
 
DISCUSSION 
 The observations on P. rapae feeding on A. thaliana with altered carbohydrate 
metabolism are consistent with the prediction that increasing foliar C:N would significantly 
influence the amount of tissue lost to herbivory (Fig. 4.1). These results complement the more 
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expansive study previously conducted by Tang (2007), by confirming that increasing starch 
content in leaf tissue (Table 4.2) results in compensatory feeding from a specialist herbivore. The 
observation that both T. ni and P. rapae consumed significantly more foliage from SEX1-1 than 
from other genotypes (Fig. 4.1; Table. 4.2) suggests that the effects of elevated CO2 on plant 
starch metabolism may outweigh the influence of secondary metabolism on plant-insect 
interactions. This result suggests that fitness advantages associated with specializing on a narrow 
range of host plants may disappear as atmospheric CO2 continues to rise. 
 The observation that herbivory of P. rapae corresponds to shifts in C:N of host-plant 
tissue supports the prospect of manipulating starch content in plants to simulate the influence of 
elevated CO2 on insect herbivory, provided that future experiments control for the influence of 
chemical defense on consumption of foliar tissue. The glucosinolate profile of ADG1-1 did not 
differ significantly from that of WT (Table 4.3). Tang (2007) suggests that this lack of a 
difference in glucosinolate profiles may explain why T. ni performance on ADG1-1 was poor, 
relative to PGM1-2. Assuming that P. rapae is more tolerant to the presence of glucosinolates in 
its diet than T. ni, the comparison between short term feeding-trials (Fig. 4.1; Table 4.3) and 
glucosinolate profiles (Fig. 4.1) would suggest that testing a specialist herbivore successfully 
controlled for the influence of chemical defense in the feeding assay. Accordingly, in previous 
growth trials (Blau et al., 1978), the development of P. rapae larvae were insensitive to 
glucosinolates at all tested concentrations.     
As a model for the influence of elevated CO2 on insect herbivory, physiological 
manipulation of starch metabolism may be limited to considerations of palatability and 
compensatory feeding. However, such a model system may be useful to identifying how rising 
CO2 affects constraints on insect feeding behavior. Elevated CO2 affects multiple aspects of plant 
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physiology, many of which may influence plant-insect interactions that do not necessarily pertain 
to foliar C:N ratio (Zavala et al., 2013). For example, many interactions between insects and 
their host plants depend upon developmental synchrony, a relationship that may be ‘reset’ as 
atmospheric CO2 increases (DeLucia et al., 2012). Altered water relations, too, can influence 
plant-insect interactions. For instance, elevated CO2 decreases transpiration rates, thus raising 
leaf surface temperatures; to aphids, whiteflies and other phloem-feeding insects that operate in 
close-association with leaf surfaces, such increases in temperature can profoundly influence 
performance (O’Neill et al., 2011). Yet, although other factors play a role, foliar C:N accounts 
for a major influence on plant-insect interactions under conditions of elevated CO2. Thus, genetic 
manipulation of plant starch metabolism offers a viable model system to research insect 




TABLES AND FIGURE 
 
Table 4.1. Leaf chemistry of three differing mutants of A. thaliana with altered starch 
metabolism, in comparison to Wild-Type A. thaliana Col-0. Data and analysis results are 
reproduced from (Tang, 2007), with permission from the author. Each value is represented as a 
mean with a range of standard error. Asterisks denote significant statistical differences between 
mutant and WT control (p < 0.05). ‘Glucose equivalents’ are abbreviated as GE while ‘fresh 
weight’ is abbreviated as FW.  
 
  















(nmol GE/ mg FW) 
1.6 ± 0.4 1.8 ± 0.4 1.7 ± 0.3 0.9 ± 0.3 2.3 ± 0.4 2.8 ± 0.4 
Glucose (light) 
( nmol GE/ mg FW) 
1.8 ± 0.4 5.9 ± 0.4 * 2.5 ± 0.3 6.2 ± 0.3* 3.3 ± 0.4 6.4 ± 0.4 * 
Fructose (dark) 
( nmol GE/ mg FW) 
0.2 ± 0.1 0.1 ± 0.1 0.5 ± 0.1 0.2 ± 0.1* 0.4 ± 0.1 0.3 ± 0.1 
Fructose (light) 
( nmol GE/ mg FW) 
0.3 ± 0.1 1.4 ± 0.1 * 0.8 ± 0.1 2.4 ± 0.1 * 0.5 ± 0.1 0.6 ± 0.1 
Sucrose (dark) 
( nmol GE/ mg FW) 
1.7 ± 0.1 0.2 ± 0.1* 1.2 ± 0.1 0.0 ± 0.1* 0.9 ± 0.1 0.2 ± 0.1* 
Sucrose (light) 
( nmol GE/ mg FW) 
1.6 ± 0.1 1.5 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 
Protein (dark) 
(ng protein/ mg FW) 
15.4 ± 0.9 11.9 ± 0.9* 14.7 ± 0.8 13.4 ± 0.8 12.9 ± 0.5 12.4 ± 0.5 
Protein (light) 
(ng protein/ mg FW) 
13.3 ± 0.9 12.6 ± 0.9 15.6 ± 0.8 14.8 ± 0.8 12.4 ± 0.5 12.7 ± 0.5 
Starch (dark) 
(µg GE/mg FW) 
5.1 ± 0.4 0.0 ± 0.4* 3.0 ± 0.9 0.0 ± 0.9* 7.8 ± 1.5 45.3 ± 1.5* 
Starch (light) 
(µg GE/mg FW) 
12.7 ± 0.4 0.1 ± 0.4* 14.2 ± 0.9 0.0 ± 0.9* 13.9 ± 1.5 50.5 ± 1.5* 
C : N 19.9 ± 0.5 19.1 ± 0.4 17.9 ± 0.4 15.4 ± 0.4* 18.3 ± 0.5 26.4 ± 0.5* 








































0.25 ±  
0.02 * 
0.08 ±  
0.02 * 
0.38 ±  
0.02 
0.28 ±  
0.02 
0.30 ±  
0.08 

















Table 4.2. Growth of Trichoplusia ni (Lepidoptera: Noctuidae) on Arabidopsis thaliana three 
differing mutants of A. thaliana with altered starch metabolism, in comparison to Wild-Type A. 
thaliana Col-0. Data and analysis results are reproduced from (Tang 2007), with permission 
from the author. Each value is represented as a mean with a range of standard error. Asterisks 
denote significant statistical differences between mutant and WT control (p < 0.05). ‘Glucose 
equivalents’ are abbreviated as GE while ‘fresh weight’ is abbreviated as FW.  





Starchless Starch Accumulating 
Glucosinolate 
Compound 

















3.0E^5 ±  
0.4E^5 
4.5E^5 ±  
0.25E^5 
< 2.0E^5 * 
2.8E^5 ±  
0.1E^5 




2.0E^6 ±  
0.7E^6 
1.6E^6 ±  
0.7E^6 
7.5E^5 ±  
1.0E^5 
< 2.0E^5 * 
2.4E^5 ±  
0.8E^5  




< 2.0E^5 < 2.0E^5 < 2.0E^5 < 2.0E^5 * < 2.0E^5 < 2.0E^5 
6-methylsulfinylhexyl-
GS 
< 2.0E^5  < 2.0E^5 < 2.0E^5 < 2.0E^5 * < 2.0E^5 < 2.0E^5 
7-methylsulfinylheptyl-
GS 
< 2.0E^5 < 2.0E^5 < 2.0E^5 < 2.0E^5 * < 2.0E^5 < 2.0E^5 * 
8-methylsulfinyloctyl-
GS 
1.3E^6 ±  
0.5E^6 
8.0E^6 ±  
0.5E^6 
6.2E^5 ±  
0.5E^5 
9E^5 ±  
0.4E^5 * 
3.8E^5 ±  
0.1E^5 
2.1E^5 ±  
0.1E^5 * 
Indol-3-ylmethyl-GS 
2.5E^6 ±  
0.5E^6 
2.5E^6 ±  
0.5E^6 
9.2E^6 ±  
1.0 E^5 
8.1E^5 ±  
1.0 E^5 
6.5E^5 ±  
0.1E^5 




8.0E^6 ±  
0.25E^6 
9.0E^6 ±  
0.25E^6 
4.0E^5 ±  
0.1E^6 
3.0E^5 ±  
0.1E^6 * 






< 2.0E^5 < 2.0E^5 < 2.0E^5 < 2.0E^5 < 2.0E^5 < 2.0E^5 * 
Table 4.3. Glucosinolate content of three differing mutants of A. thaliana with altered starch metabolism, in comparison to Wild-Type 
A. thaliana Col-0. Data and analysis results are reproduced from Tang (2007), with permission from the author. Each value is 
represented as a mean with a range of standard error. Asterisks denote significant statistical differences between mutant and WT 






Figure 4.1. Surface area of foliar tissue removed by Pieris rapae over a 21-hour period. Box 
plots represent the distribution of data, whiskers representing minima and maxima, boxes the 
first and third quartile and black bar the median. Distributions were analyzed via a Kruskal-
Wallis rank sum test and means separated via a Conover posthoc test. Different letters represent 
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 Elevated CO2 alters C3 plant interactions with herbivorous insects, though the underlying 
causes are not entirely understood (Zavala, Nabity and Delucia, 2013). After decades of research, 
we now understand the influence of elevated CO2 on plant-insect interactions to be more 
complex than was imagined when the topic first began to appear in the scientific literature 
throughout the 1980s. While a 1990 annual review of ecological systems (Bazzaz, 1990) frames 
the influence of rising CO2 on terrestrial ecosystems in terms of changes to the nutritional 
qualities of plant tissue to herbivores, Zavala, Nabity and Delucia (2013) refresh the topic with 
new perspectives on defense hormones and alterations to plant secondary metabolism. That 
elevated CO2 alters the C:N ratio of plant tissue is a major influence on the behavior and 
development of insect herbivores- regardless of alteration to host plant defensive chemistry (as 
was briefly addressed in Chapter 4). However, the more recently observed dependence of plant 
secondary metabolism on atmospheric CO2 matters for reasons beyond quantity of plant tissue 
consumed or the size of insect populations supported.  
 A long-standing paradigm in systematics and ecology holds that plant secondary 
metabolism drives biodiversity (Ehrlich and Raven, 1964; Futuyma and Agrawal, 2009). Thus, 
when we see that rising CO2 alters plant secondary metabolism, the implicit concern is that we 
will also see particular insect herbivores thriving on plants they did not utilize previously, or, 
conversely, disappearing from plants that were once their only hosts (Delucia et al., 2012). The 
modulation of C3 plant chemical defense by elevated CO2 may be widespread (Zavala, Nabity 
and DeLucia, 2013). This dissertation has sought to understand how rising CO2 influences plant 
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secondary metabolism, so that we might gain predictive power over the future of terrestrial 
ecosystems in a CO2-rich atmosphere.  
Chapter 1 followed a trail of previously available literature to propose a causal chain of 
physiological connections linking atmospheric CO2 with the expression of chemical defense in 
plants (Fig. 1.1). The hypothesis that emerged from Chapter 1 questions whether retrograde 
signals originating in plant chloroplasts might be responsible for adjusting plant chemical 
defense in response to rising CO2. Chapters 2 and 3 sought to falsify this hypothesis (Fig. 1.1), 
by testing its predictions. At a proximate level, the idea that plant chloroplasts generate signals 
which modulate C3 plant chemical defense in CO2-dependent manner is predicated upon some 
observable interaction between CO2 assimilation and light harvesting. In Chapter 2, the 
photosynthetic mechanism that emerged from in silico modeling and field validation is that 
elevated CO2 relaxes non-photochemical quenching (NPQ), thus increasing output of H2O2. 
Ultimately, the hypothesis developed in Chapter 1 would suppose that the mechanism calculated 
in Chapter 2 should generate a pattern of defense expression that reflects unique interactions 
between elevated CO2 and the light environment. In Chapter 3, the experimental predictions 
developed in the previous two chapters were borne out, insofar as levels of chemical defense of 
Arabidopsis thaliana in response to cabbage looper, Trichoplusia ni, indeed showed unique 
interactions between variable CO2 and light conditions. Thus, the calculations and experiments 
performed in Chapter 2 and Chapter 3 did not falsify the hypothesis developed in Chapter 1. 
 Although experimental results reported in Chapters 2 and 3 did not disprove the 
hypothesis that rising atmospheric CO2 alters C3 plant chemical defense through chloroplast 
retrograde signaling. the work of this dissertation has been to develop a theory. The idea that 
chloroplasts might exert some direction over chemical defense and that this autonomy of control 
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becomes apparent when compared under differing environments of CO2 and light presents a 
theory in the sense that it can generate a multitude of predictions concerning the nature of 
terrestrial plant communities. 
There are several techniques and resources that could potentially be used to test the 
relationship of chloroplast retrograde signaling to chemical defense in future research. For 
instance, although it is still not certain how exactly hydrogen peroxide generated in the 
chloroplast would be transduced to influence biosynthesis of salicylic acid, confocal microscopy 
coupled with biosensors has already been applied (Exposito-Rodriguez et al., 2017) to directly 
observe hydrogen peroxide formation and diffusion at a subcellular scale. At the same time, 
plants that have been engineered to relax the induction of NPQ are available (e.g. Zia, Johnson 
and Ruban, 2011); depending on the specifics of the quenching mechanism, chloroplasts of such 
plants likely produce more hydrogen peroxide in response to dark-to-bright transitions than 
plants with unaltered NPQ mechanisms.  
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